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1. Marine natural products as a source of chemical diversity
and drug leads

The marine environment is among the most diverse and prolific
source of natural products. The unmatched chemical diversity of
secondary metabolites from invertebrates (sponges, tunicates, nu-
dibranchs, etc.) and marine microorganisms have led to the dis-
covery of pharmacologically promising bioprobes and exciting drug
candidates.! Presently, three marine-derived compounds are ap-
proved for use as therapeutic agents; ziconotide (Prialt®, 1), a ‘cys-
teine knot' peptide isolated by Olivera and co-workers® from the
cone snail Conus magus with potent analgesic properties for neu-
ropathic pain in patients who no longer tolerate morphine.
Yondelis® (Trabectidin, ET-743, 2), a complex tetrahydroisoquino-
line alkaloid reported by the Rinehart group in 1990 from the
Caribbean tunicate Ecteinascidia turbinata,> was approved in
Europe in 2007 for soft tissue sarcoma. The polyether toxin, hal-
ichondrin B (3) reported by Uemura from a marine sponge Hal-
ichondria okadai,* provided a scaffold for synthetic refinements by
truncation to the newly licensed drug, eribulin mesylate (Halaven®,
4) a molecule half its size but retaining most of its potency. In late
2010, Halaven® was approved in the USA for treatment of solid
tumors (Fig. 1).

1
H,N—CKGKGAKCSRLMYDCCTGSCRSGKC—CONH,

1 w-Conotoxin VIIA
HO

produced by ~14 steps from cyanosafracin B (5), a compound
readily available in kg-scale by fermentation of Pseudomonas
fluorescens.”

In natural product drug discovery, the structure is primal. The
information content of a natural product—whether it be used for
structure-activity relationships, or informing retrosynthetic design
for procurement by total synthesis—is embodied in its 3D structure
and revealed by structure elucidation. Finally, the holy grail of in-
tellectual property is the New Chemical Entity (NCE) or New Active
Substance (NAS)'P—a bioactive molecule representing an un-
precedented structural type.

Although modern developments in spectroscopic techniques
enable the identification of the structures of microgram samples of
complex small molecules, there is no general solution to the ab-
solute configuration (AC) of a compound, those even containing
only one or a few stereocenters; absolute stereostructures are
solved on a case-by-case basis. The scope of this review will cover
briefly the current state of instrumentation for the determination of
relative and absolute configuration. Instrumental developments
have been covered extensively in previous reviews® and mentioned
here only in passing. Second, case studies will be presented where
chemical approaches to structure elucidation have been integrated
with spectroscopy to solve stereochemical problems. The strategy

4 Eribulin mesylate

Fig. 1. Currently approved marine-derived pharmaceuticals: w-conotoxin MVIIA (Prialt®, 1), Et-743 (Yondelis®, 2), halichondrin B (3), and eribulin mesylate (Halaven®, 4).

These three examples illustrate an underappreciated fact: the
structure of therapeutic natural products with stereochemical
complexity have been solved mostly with integrated chemical ap-
proaches requiring detailed, painstakingly acquired data, some-
times over the course of several years, often with limited sample
size. Modern natural product discovery efforts are now focused on
rare or scarce materials from niche sources. The available amounts of
many of these 'nanomole-scale’ natural products make their struc-
tures impossible to solve using historical approaches. The issues of
procurement for biological evaluation and scale-up production
are another matter, e.g., the commercially available Yondelis® is

for configurational assignment is outlined in the first figure for each
example. Several acronyms or abbreviations appear in these figures
and throughout the remaining text: relative configuration, RC;
absolute configuration, AC; modified Mosher method, MMM; J-
based configurational analysis, JBCA; universal NMR database, UDB.
The dual purposes of economy of pages and contemporary interest
are served by restriction of the scope of the review to examples
since about 2000; the time, during which NMR technologies
(mainly sensitivity improvements through cryoprobes) had un-
dergone significant evolution. The majority of the RC and AC as-
signments were completed only after the planar structure—a 2D
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structure lacking stereochemical assignments—had been proposed.
In most cases, the natural product is a rare entity, generally pro-
cured from uncommon marine organisms instead of sustainable
fermentation methods. It may be of interest to readers to be in-
formed of the breadth of the technical challenges associated with
the scale of the chemical operations and, so, the corresponding
quantities are given in some of the figures (most chemical trans-
formations were carried out on the microscale, if not nanomole-
scale). We have tried to select a variety of molecules of different
structural types that often dictate a unique approach to a particular
problem, but they do not necessarily constitute the ‘most difficult’
cases. The examples for this review subscribe to one of the fol-
lowing criteria: those that (a) push the limit to spectroscopic and
chemical methods, (b) demonstrate applicability and limitations of
new techniques, (c) resolve configurational assignment of partic-
ularly difficult or marine natural products with potent biological
activity. Finally, we hope the selected case studies provide some
inspiration to a readership with broad interests: natural products
chemists and synthetic organic chemists with passionate interests
in the art of structure determination and synthesis of marine nat-
ural products.

2. NMR based methods for structure determination and
stereochemical assignment

2.1. Current state of NMR

Nuclear magnetic resonance spectroscopy is still the most im-
portant tool for modern structure determination. Over the past 20
years, NMR-sensitivity has steadily increased to provide a refined tool
to ‘view’ unexplored regimes of natural products. Around 1992,
500 MHz 3 mm inverse detect probes were introduced reducing the
sample volume from ~ 600 pL (5 mm tube) to ~ 140 uL and effectively
doubling the S/N.” The applicability of the 500 MHz 3 mm inverse
detect probe was demonstrated by measurements of a sample of
brevetoxin-C (800 pg, 0.95 pmole) and complete 'H and 3C assign-
ments based on homo- and heteronuclear 2D experiments.® A sub-
stantial advancement came with the advent of commercial 500 MHz
3 mm cryogenic probes that appeared around 2000 and showed
an increase of S/N of ~3.5 times compared to a room temperature
500 MHz 3 mm probe.® Current generation 1 mm'® and 1.7 mm
microcryoprobe NMR spectrometers allow the acquisition of con-
ventional 2D NMR data with as little sample as a few nanomole. The
least sensitive 2D H—C correlation experiment commonly used
(gHMBC) can be acquired on 15 nmol (5.4 ug) of strychnine over
aweekend (43 h)."! These and other contemporary developments in
NMR are having a profound influence on the conduct of natural
products structure elucidation.

The complete structure elucidation of complex natural products
on micrograms of material have been typically carried out with
assistance of a parent compound (Fig. 2). Pteriatoxins A—C (6—8)'?
reported by Uemura and co-workers from the Okinawan bivalve

\l/\ s CO,H 0 o
NH,
6 PtTx A
(20 ng)
OH
; MeO
NHz
1=
7 CoH 12 Phorbaside A, R
. X orbaside A,
PnTx = Pinnatoxin 7 PtTx B 8 PtTx C 10 Phorbaside F, R

PtTx = Pteriatoxin

(8 ug, 1:1 mixture) (7 ug)

X
=Me .
=H
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Pteria penguin are derivatives of pinnatoxin A (9)"* and the full
structures (except the configuration of the sidechains) of 6—8 were
established by homonuclear based ('H, COSY, and HOHAHA) ex-
periments. Phorbaside F (10)'* and hemi-phorboxazole (11)' from
the marine sponge Phorbas sp. are derivatives of phorbaside A
(12)'% and phorboxazole A (13)," respectively.

The structure determination of these two compounds were
assisted by comparative analysis of NMR data of the corresponding
parent compounds, but the structure of 10 also drew upon new
data obtained using a 600 MHz 1.7 mm microcryoprobe NMR
(decoupled and 'H-coupled HSQC and HMBC). These case studies
illustrate the power of modern NMR with microgram samples, even
acquisition of heteronuclear ('H, C) 2D NMR data, particularly
those obtained from the least sensitive—but indispensible—pulse
sequences (e.g., HMBC). Connectivity and planar structures are
revealed from these data;!! the RC is solved from NOESY and ROESY
data combined with ??Jcy data obtained from inherently less sen-
sitive experiments (e.g., HETLOC, HSQC-HECADE, HSQMBC).

Often, NMR alone is insufficient to secure RC or AC—or
both—and degradation strategies are employed. In cases of ste-
reochemical assignments, empirical chemical manipulations be-
come essential. These efforts are nontrivial; no one general method
is applicable and solutions emerge on a case-by-case basis that test
the expertise of the natural product chemist who is often confined
to working with pg-sample amounts for each chemical trans-
formation. NMR structure elucidation, complemented by
degradation-synthesis at the microgram level, atests to the skill and
tenacity of the practicing natural products chemist from who is
demanded, not just great instrumental proficiency, but exceptional
powers of observation, deduction and extreme perseverance.

Determination of molecular structures by analysis of 2D NMR data
and bond connectivity networks is subject to a fundamental limita-
tion; a sufficient number of assignable 'H signals that relay to C or
5N nuclei of the underlying molecular skeleton. From the so-called
‘Crews rule’’®—a guideline for successful 2D NMR analysis that re-
quires a minimum ratio of H/C ~2—it is easily appreciated that
compounds depauperate in H (e.g., polycyclic alkaloids with high
heteroatom content and many sp? carbons; often crystalline'®) are
the most challenging. A bias in this review is selection of polyketide
structures; compounds biosynthesized by head-to-tail additions of
acetate or other ketides with high H/C ratios, and ornate, stereo-
chemically complex carbon skeletons (usually non-crystalline) that
lend themselves nicely to NMR structure elucidation.

2.2. Nuclear Overhauser Effect (NOESY) and J coupling
('H-'H)

Interpretations of dipolar coupling (1D and 2D NOESY and ROESY)
and 'H—"H scalar coupling are widely exploited for solving the RC of
small molecules. NOESY experiments are also useful for acyclic spin
systems where constraints placed by 'H—'H and '"H—3C scalar cou-
plings lead to unique solutions.”® Complications arise with slowly

13 Phorboxazole A

11 Hemi-phorboxazole A, R = NEC—%
(17ng)

H o ol

Fig. 2. Examples of marine natural products characterized at the microgram scale.
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interconverting rotamers that contribute to conformational hetero-
geneity, however judicious application of molecular modeling or ab
initio calculations often resolves equivocal solutions.

2.3. The 3C NMR acetonide method (Rychnovsky)?*!

First described in 1990, the 3C acetonide method developed by
Rychnovsky, provided a valuable empirical method to assign the RC
of syn- and anti-1,3-diols. Diols are converted to the corresponding
acetonides, and 3C chemical shifts of the geminal methyl groups
can be used to differentiate the two diastereomers. The method
was based on symmetry principles and conformational prefer-
ences. The meso-like syn-1,3-diol acetonide (SDA), adopts a chair
1,3-dioxolane conformation with axial and equatorial methyl
groups. The anti-1,3-diol acetonide (ADA) with C,-like symmetry,
prefers the twist-boat conformation to minimize 1,3-diaxial in-
teractions; and the methyl groups are almost equivalent. In the
SDA, the axial and equatorial methyl groups resonate at ~¢ 30 ppm
and ~¢ 20 ppm, respectively. In the ADA case, the methyl group
chemical shifts are almost identical to each other (~¢ 25 ppm). As
the size difference of substituents at C4 and C6 increase, the 1,3-
dioxane ring tends to adopt a chair conformation (Fig. 3).2% It
should be noted that the symmetry elements in 1,2-diol acetonides
are also useful for assignment purposes.?>

Rz

Ri4~6_R2 O 530.0ppm
H
>2< H 0\,,CH 898.5 ppm
syn-1,3-diol w 8 19.6 ppm
acetonide nOe
(meso) (a) Chair
nOe

R, H‘/\ 8 24.6 ppm
O, CHs

ke
.

A
2

l

~— 0 100.6 ppm

o (0]
1 o2\, O CHs
1 3 24.6 ppm
anti-1,3-diol H\/
acetonide nGe
(Cy-symmetric) Twist-boat

(b)

Fig. 3. Conformations, chemical shifts, and NOES for (a) syn-1,3-diol acetonide (SDA)
and (b) anti-1,3-diol acetonide (ADA).

The Evans group extended the >C acetonide method to poly-
propionate chains containing branched methyl groups at C5.%% The
chemical shift of the acetonide quaternary carbon is also diagnostic
for configuration (SDA, ~98.1 ppm; ADA, ~100.6 ppm).

Three standard 2D NMR experiments: the NOESY/ROESY, HSQC/
HMQC, and HMBC experiments allow extension of the method to
more complex polyacetonide systems. In the SDA, the axial methyl
group shows NOE correlations to H4 and H6 axial protons. In the
ADA, one acetonide methyl shows an NOE correlation to H4, and
the other methyl shows an NOE to H6. Sensitivity is greatly im-
proved by the simple expedient of employing 1,3-{'3C,}—labeled
acetone for acetonide preparation.

2.4. Chiral derivatizing agents (Mosher’s method)

Originally proposed by Dale and Mosher in 1973,%° and refined
by Ohtani and co-workers in 1991,%7 the ‘Mosher’s method’ and
‘modified Mosher’s method’ (MMM) represent the most widely
used tool for determining the AC of secondary alcohols. Optically
pure 2-methoxy-2-phenyl-2-trifluoromethyl acetic acid (MTPA), or
the corresponding acid chloride (MTPA-Cl), are the most commonly
used chiral derivatizing agents (CDAs). Differential chemical shifts
are aligned for each group L; and L, and fitted to configurational

models (Fig. 4). The generally accepted model, conformer a (Fig. 4),
suggests that the carbinol proton, ester carbonyl, and tri-
fluoromethyl group lie in the same plane. However, conformational
studies carried out by Riguera and co-workers demonstrate MTPA
esters are populated by three major conformers (a—c).%® In con-
former b, the phenyl ring is twisted and deshields L,. Conformer ¢
has the trifluoromethyl group antiperiplanar to the carbinol proton
and aryl group twisted, which deshields L;. These opposing
shielding and deshielding effects contribute to the relatively small
net magnitudes of A¢ values and may even give anomalous alter-
nation in sign.?® In any case, the MMM has a built in ‘self-exami-
nation mechanism’ where anomalous values of Ads, inconsistent
with the model, diminish its reliance and indicate a need for an
alternate assignment method.

H CF3 H CF3
o H _ Meo
Fgc7)ko vvvvv L=
- (™
MeO Ph CF3
(R-MTPA c
Ly shlelded L, deshlelded L, deshielded
(conformer that
leads to AC)

MTPAO& "Ly 48>0
Lo As<0

MTPAO&”LZ A8>0
1A8<0

Fig. 4. Conformers for (R)-MTPA esters (a) major conformer leading to reliable con-
figurational assignment, other conformers (b and c) also present.

The methoxyphenylacetic acid (MPA) may be a more reliable
CDA because only two major ester conformers (a and b, Fig. 5) are
present leading to A¢ values of greater magnitude. The model for
MPA places the methoxy group, ester carbonyl, and carbinol proton
in the same plane (q, Fig. 5). L is shielded in the (R)-MPA ester and
L, is unaffected, and the opposite effects are observed with the (S)-
MPA esters. Note that the phenyl group lies on the opposite side of
the C=0 plane with respect to the MTPA esters. For this reason, Ad
values are defined by a different formula (A6=0R—06S).

H OMe
Meoy)L )\
OMe
R)-MPA
L4 shielded Ly sh|elded

3 MPAO)\’LZ AS>0 MPAO/\’L1 A8 >0

: LMas<o L2 p5<0

! A8 =8 - 85

Fig. 5. Conformers for (R)-MPA esters. (a) Major conformer used for configurational
assignment. (b) Minor conformer.

The anisotropic differences between MTPA and MPA esters in
addition to derivatives of other CDAs have been recently quantified
by Hoye’s group (Fig. 6). (—)-Menthol was converted to both (R) and
(S) diastereomeric esters and Aé values=0g—0s were acquired for
each derivative. The absolute average for all the values, reflects the
discriminating power of the CDA, were calculated for each pair.
These comparative absolute values of Ad¢ may be useful when
choosing a CDA to assign the configuration of a secondary hydroxyl
group flanked by one or more CH; chains. 2-NMA gives rise to
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@mw

MPA R=H (0.14) 1-NMAR=H (0.42) R=H (0.16)
R = CHj; (0.03) R =CHj; (0.28) R = CHj (0.03)
MTPAR = CF3 (0. 07) R =CF3(0.33)

OCDA
(- )-mem‘hol Me
OMe Me  0.16)

. 39) (o 30)

Fig. 6. Discriminating power of various CDAs. Mean A¢ values of menthyl esters.
(A6=0R—0S).

particularly large anisotropy. Successful configurational assign-
ments have been achieved for challenging compounds such as,
ginnol®® and shishididemniols (section 7.15) using 2-NMA (2-
naphthylmethoxyacetic acid).

MTPA esters are also used to ‘fingerprint’ diastereomers from
degradation or chemical conversion for comparison with optically
pure standards synthesized for comparison by NMR. The properties
of CDAs and applications have been the subject of extensive reviews

by Riguera,?! Kusumi and Ohtani,? and Wenzel.>?

2.5. J-Based configurational analysis (Murata’s method)

In 1990 Murata and co-workers published a seminal paper on
‘J-based configurational analysis’ (JBCA).># This method exploits
both "H-"H and "H—'3C coupling constants in order to assign anti
or gauche relationships of vicinally substituted chains. This in-
tegrated JBCA method, combines information from homonuclear
and heteronuclear coupling with NOE, and is used frequently for
the determination of the RC of ‘contiguous’ or 1,3-skipped ster-
eogenic centers in acyclic molecules.

The ?Jy_y and 2Jy_c coupling constants are measured indirectly
through a combination of NMR experiments. 'H—'H coupling
constants can be extracted from 1D—'H NMR spectra, 1D-TOCSY, or
absolute value crosspeaks in E-COSY type experiments. 'H-13C
coupling constants are typically measured from HETLOC, HSQC-
HECADE, PS HMBC, J-resolved HMBC, or HSQMBC experiments.
The HETLOC and HSQC-HECADE experiments are the most sensitive
and easily interpretable, but limited to spin systems with contig-
uous TOCSY coherence transfer. For subunits that contain

Table 1
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quaternary centers or small 'H-'H couplings, PS-HMBC, J-HMBC or
HSQMBC experiments are used. The advantages and disadvantages
of each of these experiments, in addition to methods of in-
terpretation of data, are outlined in a detailed review by Wil-
liamson.?® The extracted coupling constants are ordered into either
‘small’ or ‘large’ ranges and fit to an empirical model that reports
the RC of the attached substituents (Table 1). Nevertheless, limi-
tations to the method are underscored by examples where appli-
cation of JBCA, alone, has lead to anomalous assignments.

Recently, Carreira and co-workers>® disclosed a detailed report
on the coupling constant values for synthetic polychlorinated con-
tiguous stereogenic systems commonly encountered in chlorinated
sulfolipids.>” The study verified the JBCA method is applicable to
polychlorinated natural products, however subtle differences in
coupling constant values should be taken into account.

Prior to the JBCA method, the only reliable way to elucidate the
RC of contiguous stereogenic centers was by a combination of the
13C acetonide method (see above), and multi-step partial or total
synthesis followed by spectroscopic comparison with the natural
product. The use of NMR in the assignment of RC have been
reviewed by Riccio and co-workers.3®

The task of assignment of molecules with isolated ’'stereoseg-
ments’ where lack of NMR correlations prevent the relay of configu-
rational information remains a challenge, even with integrated
techniques. The magnitude of the problem can be stated simply: for
a molecule with n isolated defined stereosegments, the maximum
possible number of stereoisomers is 2". Methods for connecting iso-
lated "islands of stereochemistry’ within complex molecules is one of
the outstanding problems in natural product structure elucidation,
but one that has inspired innovative and imaginative solutions.

2.6. Universal NMR database (Kishi)

Kishi observed, through observation of numerous examples of
configurational assignments in complex polyketides prepared by
synthesis, that small systematic patterns of 'H NMR and 3C NMR
chemical shift differences are associated with different di-
astereomers. Expanding on this observation, Kishi’s group com-
piled NMR data that came to be known as as the ‘universal
database’ (UDB) to assign the RC of contiguous stereogenic units
(Fig. 7).3° The UDB is also useful for the relative and absolute con-
figurational assignment of complex polyketides.

'H—"H and 'H—"3C coupling constants for the assignment of RC for vicinally-disubstituted chains using JBCA. Values obtained from Refs. 34, 36, and 38

3J'"H—'H coupling constants 3/'H—

Rotamer (magnitude of coupling)

13C coupling constants 2/'H—

13C coupling constants

anti (large) Gauche (small) anti (large) Gauche (small) anti (small) Gauche (large)
P i : s i A
1H 13¢ 1H X=0,Cl
CH,
)\( 9—-12 Hz 2—4 Hz 6—8 Hz 1-3Hz — —
CHs
OH
)\( 8—11Hz 1-4 Hz 6—8 Hz 1-3 Hz 0—2 Hz —5—7 Hz
CHs
OH
)\( 7—10 Hz 0—4 Hz 5—-7 Hz 1-3 Hz 0—2 Hz —4—6 Hz
OH
¢]
)\/ 7.5—10.5 Hz 1-3.5Hz 4-5 0-3 —0.5—4Hz —3.5-6.5Hz
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OH OH OAc OAc OAc OH OH
HO Me AcO HO' Me
a Me Me OAc d g Me
OH OH OH OH OH OH O OH
HO Me Me Me Me Me
b e h
OH OH OH OH OH OH OH
H
HO Me Ho Me  HONN Me
c f i
Me Me OAc OAc
HO. Me
N AcO
j OH OH k Me

Fig. 7. Synthetic databases included in the universal NMR database (UDB) by Kishi.

The UDB works under the assumption that: ‘(1) the structural
properties of these clusters are inherent to the specific stereo-
chemical arrangement of the (small) substituents on the carbon
backbone and (2) the structural properties of these clusters are
independent from the rest of molecule, when they are sufficiently
separated from each other.”° In practice, stereogenic subunits need
only be separated by two or more methylene groups so that they
may be treated independently. The 'H or >C NMR chemical shifts of
the carbon framework in the molecule are averaged, and these
values are subtracted from the respective chemical shifts of the
molecule under examination. For a given diastereomer, these ag-
gregated deviations (£Ad) are characteristic of the RC of each di-
astereomer and can be compared to the deviations of other
diastereomers.

Not surprisingly, the most straightforward analysis is compari-
son from a database where the sidechains closely resemble that of
the compound in question. However, it may be possible to adjust
the chemical shifts appropriately of a given database to apply it to
a substrate not identical to the database. The UDB has also been
extened to AC assignment with the use of chiral anisotropic NMR
reagents.*!

An extension of UDB*? matches overlapping contiguous triads
of TH-'H coupling constants with those of synthetic di-
astereomers of defined configuration for the purpose of assign-
ment in polyol and polyacetoxy compounds. This is advantageous
over chemical shift comparison because it is less influenced by
solvent and substituents on the side chain and mainly influenced
by the local conformation. Application of the UDB approach is
illustrated in the configurational assignment of sagittamides
(Section 7.12).%3

3. Chiroptical methods
3.1. Polarimetry

Optical rotation [a]p is widely used for chiroptical character-
ization and determination of optical purity of organic compounds.
Modern commercial digital polarimeters employing bright light
sources, short-path microcells (as low as 0.1 dm, 100 pL) and sen-
sitive polarizers capable of measuring optical rotations of ~0.1
millidegree. Compounds with a relatively large [o]p value (>20) can
be measured with samples of less than a milligram. Assignments
are often made on degradation products of natural compounds by
chiroptical comparisons with synthetic standards, but at the cost of
sacrificing a large amount of the parent compound; a luxury not
always granted in cases where the sample is rare and mass-limited.
It is now possible, as shown by the Wipf group, that accurate ab
initio calculation of molar rotations by time-dependent DFT
methods by van Hoff’'s superposition principle can discriminate
between diastereomers. This approach was used in the absolute
stereoassignment of the bistramides (section 7.5).1"® Calculated
molar rotations complement the UDB approach, but have another

limitation. In absence of independent measurements of the [a]p of
the natural product, the method largely rests on trust and reliance
that the reported literature values were measured accurately on
very pure samples; a condition that, regrettably, has not always
prevailed. A review of current literature shows that the ab initio
molar rotation approach to stereochemistry has not been largely
adopted yet.

3.2. UV—vis and electronic circular dichroism

Electronic circular dichroism (ECD) arises from differential ab-
sorption of left and right circularly polarized light; it represents one
of the most useful techniques available for stereochemical and
conformational analysis of chiral molecules.** ECD, like UV—vis, is
a molar quantity that obeys the Beer—Lambert law, and its mea-
surement can be inherently more sensitive than [a]p, IR, or NMR.
and amenable to very small samples (i.e., ug) when the compound
contains one or more chromophores (Apax>200 nm) or where
suitable chromophores can be introduced. Rather than exhaustively
reviewing sector rules, two examples pertinent to natural pro-
ducts—the octant rule for cyclohexane and the Mo(OAc)4 method
for vicinal diols—will be illustrated.

3.3. The Octant rule

Pioneering work by Moskiewitz,%> Crabbé,*® Djerassi,*’ Light-
ner,*® and others lead to development of a series of empirical 'sector
rules’ for assignment of configuration, the best known, of which is
the ’octant rule’ for cyclic ketones (Fig. 8). For example, the quali-
tative contributions to the Cotton effect due to the forbidden n-7*
transition of the C=0 group (Amax 284 nm) in 3R or 3S-methyl-
cyclohexanone®® can be predicted by considering contributions of
atoms within each of the eight sectors (Figs. 9 and 10) formed by
three intersecting planes: the nodal plane at the C=0 goup and two
orthogonal planes bisecting the C=0 bond. The octant rule was
supported by measurements of ORD and CD of numerous cyclo-
hexanones and largely conforms to the simple predictive factors.

o Ao~

® )

Fig. 8. Octant rule for saturated ketones and the origin of the net positive Cotton effect
observed of (3R) methylcyclohexanone.

3.4. Snatzke’s method

Snatke’s method employs ECD of molybdate esters for the as-
signment of the corresponding 1,2-diols. Dimolybdenum tetraace-
tate (Moy(OAc)s) is added to the diol and the resultant
conformationally restricted complex gives rise to an induced CD
(ICD). The resulting Cotton effect (~4 305 nm) correlates with the
sign of the 0—C—C—O torsional angle, which is related to the con-
figuration of the diol. The torsional angle is influenced by the size of
the substituents (R and Rs); bulkier substituents (R and R{) will
orient in the pseudoequatorial postion to avoid non-bonded in-
teractions. Th simplicity of this empirical method is evident in the
procedure; the reagent is simply mixed with the diol (10 umol) in
DMSO, and CD spectra are acquired at room temperature after a few
minutes (Scheme 1).°
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Fig. 9. Applications of the exciton chirality method for the assignment of configuration. Signs of helicity angles, 0, correlate with the sign of the split Cotton effect. See Ref. 51.
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Scheme 1. Preferred conformations of Mo(OAc)s—diol complexes. Ry, Rj =larger sub-
stituent. Rs, Ry=smaller substituent. See Ref. 50.

RC: JBCA
AC: degradation, comparison to
autheniic material

AC: degradation, comparison
to authentic material

AC: degradation, MMM

Fig. 10. Murata’s strategy for configurational assignment of amphidinol 3 (19).

3.5. The exciton chirality method (Nakanishi)

The exciton chirality CD method (ECCD), is a non-empirical
configurational assignment by CD, largely developed and popular-
ized by Nakanishi and Harada.>' A pair of degenerate or near-
degenerate chromophores undergo exciton coupling, with re-
sultant Davydov splitting of the transition, that is, dependent upon
oscillator strength, the inter-chromophoric distance and the angle,
0, subtended by their respective electronic transition dipole mo-
ments. In ECCD, chiral molecules exhibit strong biphasic Cotton
effects whose signs are directly correlated with the sign of 6. For
example, the ‘dibenzoate method’ can be applied to the corre-
sponding dibenzoate of a vicinal diol by observation of the sign of
the split Cotton effect and correlation with the absolute sign of the
0—C—C—0 angle. Many variants of this example of bi-
chromophoric ECCD have been described (see Fig. 9) °1.

The bis-dimethylamino benzoate of 5o-cholestane-2f,33 (14)
shows a positive split Cotton effect between the C2 axial and C3
equatorial benzoate chromophores. The configuration of allylic al-
cohols (cyclic and acyclic) are readily assigned by the allylic ben-
zoate method.>® (R)-Non-1-en-3-ol (15) was converted to the
corresponding p-bromobenzoate (16), which is assigned the R
configuration based on observation of a positive split Cotton effect
resulting from exciton coupling between the benzoate (A~230 nm)

and ene chromophores. The addition of two chromophores to two
different functional groups was demonstrated in the configura-
tional assignment of (3R)-quinuclidinol.>® After esterification (p-
methoxycinnamoyl-chloride) of the secondary hydroxyl, the teriary
amine was alkylated with phenylbenzylchloride to give the bis-
chromophoric derivative (18).

The exciton chirality method has been exploited in more
complex multichromophoric systems of triols, higher polyols,
and aminopolyols.>® The sensitivity of ECD lends a great advan-
tage to assignments of chromophoric derivatives of complex
molecules. A limitation of ECD to simple interpretations may be
interference from other chromphores that reside in the molecule.
More recently, prediction of the ECD has been made possible by
ab initio calculations using time-dependent DFT methods, al-
though these have been largely applied to molecules with rigidly
oriented chromophores, or more flexible molecules where the
orientations of the transition dipole moments in each conformer,
along with their Boltzmann distributions, can be also reliably
calculated.>>

3.6. Infrared and vibrational circular dichroism

Infrared spectroscopy (IR) has been the traditional tool for
functional group identification in unknown organic compounds.
Sadly, the use of IR has declined in recent years or is relegated to
fulfill pro forma reporting requirements with little interpretation,
even though modern Fourier transform IR (FTIR) instrumentation,
with attenuated total reflectance (ATR), simplifies measurement of
samples of less than 50 pg with full sample recovery.

Vibrational circular dichroism (VCD) arises from differential
absorption of left and right circularly polarized IR and can be used
for assignment of AC. The advantages of VCD include richly detailed
bands, even from the ’'fingerprint region’, and ease of ab initio
calculation of VCD spectra. Several assignments of natural products
by VCD have been reported.”® Wider usage of VCD may be impeded
by relative insensitivity compared to other spectroscopic methods
(samples of several milligrams and hours of acquisition time are
required), and the need access to expensive, uncommon
instrumentation.

4. Inferences from biosynthesis or bioinformatics

Stereochemically defined natural products are useful for the
configurational assignment of derivatives and structurally related
metabolites. The construction of similar compounds are often car-
ried out by analogous enzymes in a conserved stereospecific
manner. Biosynthetic inferences were successfully used in combi-
nation with spectroscopic methods for the stereochemical assign-
ments of psymberin (100, Section 7.8) and dictyostatin (98, Section
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7.7). Genetic and bioinformatics—based approaches are in-
creasingly used for structure and configurational assignment.>’

5. X-ray crystallography

X-ray crystallography is the ultimate method for structural de-
termination,”® however it is singularly dependent upon good quality
diffracting crystals that exceed critical minimum dimensions
(10—100 pum). While this is routinely achieved for overexpressed
biomacromolecules using high-throughput crystal optimization
techniques, it is quite a different story for a natural product, that is,
only available in microgram amounts—one has limited options for
making saturated solutions with only pL amounts of solvent. The
power of X-ray crystallography becomes most apparent with highly
functionalized alkaloids where NMR fails; when the formula is so
depaurperate in hydrogen (H/C ratio <2, the so-called Crews rule),
that 2D NMR experiments provide few useful crosspeaks. This re-
view will only cover some representative examples of X-ray struc-
tures of optically active compounds where NMR-based structure
determination failed. See determination of spirastrellolide B by
microscale two-step chemical degradation leading to an X-ray
quality crystal—all from a 100 pg sample!

6. Chemical synthesis

The ideal solution to a stereochemical problem would be to
synthesize all possible stereoisomers for comparison of spectro-
scopic data. From a practical standpoint, this task is neither trac-
table nor necessary. The most favorable option is to carry out
chemical degradation to simpler compounds that are more ame-
nable to synthesis and or spectroscopic analysis. Often, synthesis of
‘key’ segments for comparison suffice. All cases require expert and
refined skills that are the traits of well-trained—and fearless!—
natural product chemists.

7. Selected examples
7.1. Amphidinols

Marine dinoflagellates are the source of some of the most bi-
ologically potent and structurally complex metabolites isolated to
date.® The amphidinols, first disclosed in 1991 by the Yasumoto
group are antifungal polyhydroxy polyene metabolites from the
marine dinoflagellate Amphidinium klebsii.°® The stereochemical
determination of amphidinol 3 (18) was one of the initial reports
that demonstrated the effectiveness of the JBCA method applied to
a complex natural product.5!
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21 R = (R)-MTPA 3049

The configurational assignment was preceded by a division of
the molecule into three sterochemical subunits: (a) C2—C14, (b)
C20—C27, and (c) C32—C52. The RC of subunits (b) and (c) were
assigned using JBCA, and relevant coupling constants (>*Jy_c and
ZJHH) were extracted from HETLOC, PS-HMBC, and E-COSY
experiments. The RC between C39 and C44 was assigned
from coupling constant and NOE data. In addition, stereo-
assignments of the diastereotopic methylene protons (CH»-22
and CH»-26) allowed complete assignment of the RC of the
C20—C27 segment.

The ACs at C6, C10, C14, C23, and C39 were assigned from
degradation products. Amphidinol 3 (19) was oxidized (HIO4), re-
duced (NaBHy), esterified (S- or R-MTPA-Cl), and purified (RP-
HPLC), which gave esters (20—22, Scheme 2). The MMM was used
for both sets of MTPA esters 20ab and 22ab to assign the 6R, 10R,
14R, and 39R configurations. The 'H chemical shift differences for
C11 (+0.01, 0.0) were small and approach the limits of mutual in-
teractions between the two MTPA groups compromising in-
terpretation. The (R)-MTPA ester 21a was compared to both (R)-
and (S)- MTPA esters of authentic (R)-methyl-1,4-butanediol, which
revealed the 23S configuration.

To assign the C2 configuration, a degradation approach remi-
niscent of the configurational assignment of C2 in ciguatoxin was
adopted.%? Amphidinol 3 (19) was subjected to protection (BOM-
Cl), dihydroxylation (OsO4), oxidation (NalO4), reduction (NaBHy),
and acylation (p-BrBz-Cl) to give the protected ester 24. Compari-
son of the latter product with optically pure standards by chiral
HPLC (Chiralpak AD) supportive of the 2S configuration. However,
a re-examination of the C2 configuration using an alternative ap-
proach based on synthesis of diastereomers of a longer-chain ter-
minal segment of 19 and comparison of 'H NMR data lead to
reassignment to C2 to R (see below).

The reported configurational assignment of amphidinol 3 (19)
was one of the first reports using JBCA on a complex natural
product. The full stereochemical assignment was made with only
3 mg of material for degradation experiments and 8 mg of >C
enriched material for NMR experiments. It should be recalled that
previous studies to gain this type of stereochemical information
would have required much more material (>100 mg) for chemical
conversion or degradations studies; for example, configurational
assignments of complex natural products included mycoticins by
Schreiber’s group,®® nystatin by Beau’s group,®* and roflamycoin by
Rychnovsky’s group.®®

In 2008, Oishi and co-workers synthesized all diastereomeric
models of amphidinol 3 (19) encompassing C2, C6, and C10 (25—28)
and compared '3C chemical shifts with 19, and showed protected
pentaol 26 was the closest match and that the C2 stereocenter had

1) BOM-CI
2) OsO,4/NalO,

— >
3) NaBH4
4) pBrBz-Cl

2 R;
Rzo/\:/\/o >
OR;

: 24 R, = BOM
OH R, = p-BrBz

-0.57
OR +0.30 Ole.
S +037 0.

12

24 +0.33

22aR = (R-MTPA 150 ,g ~OR
22b R = (S)-MTPA 400 1ig

Scheme 2. Degradation of amphidinol 3 (19). Note the 2S configuration depicted here was revised to 2R. See Ref. 66.
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been assigned incorrectly.®® To verify the C2 configuration, vinyl
alcohol 29 was cleaved from amphidinol 3 (19, 50 ug) by cross me-
tathesis using Grubbs’ second generation catalyst under an atmo-
sphere of ethylene (Scheme 3). The cross metathesis product was
compared with authentic standards by chiral GLC, which lead to the
conclusion that the C2 configuration should be revised from S to R. It
was uncertain how the misassignment was made, but an HPLC peak
corresponding to the protected ester 24 may have contaminanted
the degradation product. Amphidinol 3 (19) has been the subject of
intense synthetic efforts by research groups led by Cossy,®’ Rych-
novsky,%® Roush,? Paquette,’® Oishi,”' Crimmins,”> and Marko.”?

1$_ 1 5
H /\I/\/\l/
0] ethylene HO W

OH OH

19 Amphidinol 3 OH 29
50 ug
:<< ™
N N—E >—
CI,T
Ru=
Grubbs Il | Sph

PCy;

Scheme 3. Synthetic model compounds 25—28, and cross metathesis of amphidinol
3(19).

Since the initial reports of the amphidinols, additional families
of related metabolites have been isolated: the luteophanols,’
lingshuiols,”> and karatungiols,’® from Amphidinium sp. and most
recently the karlotoxins from Karlodinium veneficum.”” Blooms of K.
veneficum have been implicated in massive fish kill events. In 2010,
the Hamann group reported the full structure for karlotoxin 2 (30)
by a similar approach applied to amphidinol 3 (Scheme 4).”% The
JBCA method secured C14—C18, C21—C24, and C28—C49. The ACs of
C6, C10, C14, C21, and C28 were derived from NMR analysis of

Cl
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degradation (HIO4/NaBH4/(R)- or (S)-MPA) products 31—33. The A
values (0R—0S) were used for 31ab, and 32—33 in comparison with
authentic standards. It is worth noting that although the A¢ values
for 31ab are larger in magnitude than those observed for similar
segments derived from amphidinol 3 (19ab), overlapping anisot-
ropies of the MPA esters are observed and the assignmetnt at
C6 becomes equivocal. Interestingly, amphidinol 3 (19) and karlo-
toxin 2 (30) share almost identical structural features in the
C30—-C52 region (amphidinol numbering), but the reported AC
was antipodal. The stereochemical fidelity of these assignments
should be revealed by total synthesis.

7.2. Mycalolides

Trisoxazole macrolides belong to a structurally unique group of
sponge and nudibranch derived natural products that have re-
ceived attention from chemists and biologists. The ulapualides A
and B”® and kabiramide C,2° published simultaneously in 1986 by
the Scheuer and Fusetani groups, respectively, were the first re-
ported members of the trisoxazole class. Additional related tri-
soxazole macrolides including the halichondramides,8!
mycalolides,®? and the jaspisamides®® appeared in the following
decade (Fig. 11).

O OMe
35 R=OMe Mycalolide B R 34 Mycalolide A
36 R=H  Mycalolide C
37 R=OH 38-Hydroxymycalolide B
Me Me Me Me
OHC\N N33 3 OHC\N N33 3
| z | z
Me OAc OH Me OH O

38 30-Hydroxymycalolide A 39 32-Hydroxymyecalolide A

Fig. 11. Structures of mycalolides (34—39).
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33a R = (S)-MPA
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Scheme 4. Structure and configurational assignment of karlotoxin 2 (30) by Hamann.



9316 TE Molinski, B.I. Morinaka / Tetrahedron 68 (2012) 9307—9343

The trisoxazole macrolides exhibit potent antifungal and cyto-
toxic activities due to their property of binding tightly to G-actin,
and inducing depolymerization of F-actin, and disruption of actin
filament formation and organization.8* Because of their structural
complexity, the trisoxazole macrolides eluded complete stereo-
chemical assignment until the report of an elegant chemical cor-
relation study of various mycalolide congeners. For the first time,
the stereochemistry of a trisoxazole was defined by the Fusetani
and Panek groups in 1999 (Fig. 12).8°

RC: degradation, comparison

€30 AC: MMM on 38 | ac: Mm

to synthetic models

AC: hydrolysis, comparison
to authentic standards

AC: degradation,
chiral HPLC

Fig. 12. Fusetani/Panek strategy for configurational assignment of the mycalolides.

Mycalolide B (35), like other trisoxazoles exhibit conformational
isomerism in the NMR spectra due to slow interconversion of the N-
formyl amide. Consequently, NMR experiments were hampered
and stereochemical assignments were secured through chemical
conversion to compounds more suitable for spectroscopic analysis.
In an effective reaction sequence, mycalolide B (35) was subjected
to oxidation (Ru0,),8® methanolysis and lactonization to provide
bislactone 40 (Scheme 5) in sufficient yield for 2D NMR experi-
ments. Extensive NMR analysis of 40 suggested both lactone rings
were in the boat conformation.®” NOESY and coupling constant data
were used to assign the RC of both lactone rings, and the anti ori-
entation between H24 and H26, however the RC between C26/C27,
and C27/C30 remained ambiguous.

1mg

) (S)- or (R)-MTPA-CI
35 Mycalolide B

2) NaOMe, MeOH, Pyr
3) DCC, DMAP, DMAP HCI

13mg l 1) RuCl,, NalO,

Me Me Me Me
OHC\N X33 3 "?- OHC\N X33 31 ‘ll‘
1 z I z
Me OAc OR Me OR O

38 R = H 30-Hydroxymycalolide A

43a R = (R)-MTPA
43b R = (S)-MTPA
(S)- or (R)-MTPA-CI

39 R = H 32-Hydroxymycalolide A
44a R = (R)-MTPA

44b R = (S)-MTPA
(S)- or (R)-MTPA-CI

Scheme 5. Degradation and MMM on mycalolide B (35), 30-hydroxymycalolide A (38),
and 32-hydroxymycalolide A (39).

The secondary hydroxyl groups located throughout the mycalo-
lide structures were useful for assignment by the MMM. The config-
uration at these positions as well as other segments were likely
conserved among all mycalolide congeners based on chemical inter-
conversion.82¢ Therefore, the MMM was independently applied to

C3, C30, and C32 in mycalolide B (35), 30-hydroxymycalolide A (38),
and 32-hydroxymycalolide A (39), respectively, (Scheme 5). Oxidative
degradation of mycalolide C (36) and protection of the product gave
alcohol (45), and the C24 center assigned by MMM (Scheme 6).

1) RuCly, NalO,
2) LiAlH,

36 Mycalolide C 25 mg

3) TBDPS-CI, pyr
4) dimethoxypropane,
PPTS

OMe OR OMe OTBDPS

45R=H6.1mg

(S)- or (R)-MTPA-CI
46a R = (R)-MTPA
46b R = (S)-MTPA

Scheme 6. Degradation of mycalolide C (36).

The side chain RC was confirmed after perruthenate—catalyzed
oxidative degradation of 38-hydroxymycalolide B (37) to acetate 47.
The NMR data for the degradation product (47) was in-
distinguishable from synthetic 47, but different from that of epi-
meric 48 (Scheme 7). This comparison unambiguously allowed the
assignment of the relative and absolute configuration of the
(C22—C33 of the mycalolides.

Me O

1) RuCly, NalO, : ' pBrPh= O :
p'BrPh-OMO—p-BrPh :
1mg ‘ 2)ﬁ-FBrCBH4COCH2-Br, O OMe ; ;
) B R
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2) NaBH,, EtOH QAc Me  Me Me Me
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7) Ac,0, P ; :
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OAc OAc OMe OAc OMe OAc

Scheme 7. Oxidative degradation of 38-hydroxymycalolide B (37).

The 8R and 9S ACs of 37 were assigned by perruthenate
degradation and conversion to bis-p-bromophenacyl derivative
49 (Scheme 7) and comparison to authentic standards by
chiral HPLC (Chiralcel OD). Finally, the configuration at C37
of the natural products 35—37 were assigned by saponification,
derivatization (p-bromophenacylbromide) to 50—52, and com-
parison with authentic standards by chiral HPLC (Scheme 8).

Me Me

OHC‘NW 1) LIOH, MeOH  p-BrPhO___O ! p-BrPh = Q
1 z :
Me OAc 0. _0O 2) p-BrPh-Br, M ]: ' /@)H
KF, DMF e0 - wnr
MeO R .
R 50 R=OM
35 R=OMe Mycalolide B 1mg 2RoH
36 R=H  Mycalolide C 52 R=OH

37 R=OH 38-Hydroxymycalolide B

Scheme 8. Hydrolysis of the side chain in mycalolides B (35), C (36), and
38-hydroxymycalolide B (37).
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The mycalolide assignments were the first reported stereo-
chemical assignments of any trisoxazole macrolide. Shortly after,
total synthesis of (—)-mycalolide A (34) by the Panek group, verified
the stereochemical assignment®® In 2004, Rayment and co-
workers acquired an X-ray crystal structure of structurally related
ulapualide A bound to actin, which showed the stereochemistry is
conserved between the mycalolides and the ulapualides.®® The side
chain of the trisoxazole macrolides bears structural resemblance to
other actin-binding marine macrolides including reidispongiolide
A (53)°° sphinxiolide (54)°' aplyronine (55)°°> and the
terrestrially-derived scytophycin (56)°° (Fig. 13). Rayment and co-
workers have reported X-ray crystal structures of a number of
these macrolides demonstrating a powerful benefit of stereo-
complex small molecules bound to proteins: total stereochemical
assignment.®® This is significant for trisoxazoles as none produce X-
ray quality crystals.

‘, . H A M
E MeOC 3 O OAc e
OMe

0 34 Mycalolide A

z z \
OMe OR, OMe

MeOCH3 O  OCHg

54 Ry = OH, Ry, = H Sphinxolide B

53 Ry = H, Ry = Me Reidispongiolide A

The initial report by Molinski established a planar structure for
oceanapiside (57a)® and the configuration of the p-glucose residue
(note the position of the keto-group was later revised to C1895). The
position of the carbonyl group relied on MALDI-MS-MS measurements
of the C10, C12-d,4 isotopomer obtained upon standing in MeOH-d4
(23°C, 2 months) (however this was later revised). Acidic methanolysis
(HCI/MeOH, 80 °C, 2 h) of 57a gave an anomeric mixture of o,p-1-O-
methyl-p-glucopyranosides, identical with authentic material by high-
performance TLC, and the aglycone, oceanin (57b) (Fig. 15).

A follow-up report described the solution of the C2,
C3, €26, C27 configurations of oceanin by fitting ‘hybrid’ ECCD
spectra from perbenzoylated synthetic amino alcohols to that of
perbenzoyl—oceanin. This general approach to a,w-functionalized
sphingolipids was reliant upon the assumption that the CD spectra
can be treated as a superposition of exciton couplets. Local vicinal
benzoyl groups give rise to ECCD but not between separate ter-
minal benzoyl groups.

HO_— O

OH 0y _O OAc Me
X 0
NMe,
R=% OMe

NMe,

55 Aplyronine A

56 Scytophycin C

Fig. 13. Actin-binding marine macrolides.

7.3. Oceanapiside

a-w-Functionalized sphingolipids (Fig. 14) from marine
sponges are Cog—Cs3p long chain lipids that are terminated as a 2-
amino-3-alkanol or 2-amino-1,3-alkanediol. These lipids repre-
sented an interesting challenge for configurational assignment
because the stereosegments are separated by a long hydrocabon
chain and effectively insulated making NMR correlations of the
chain termini impossible. The first configurational assignment of
this family was carried out on oceanapiside (57a)°> from
Oceanapia sp. collected from Port Phillip Bay, Australia. Ocean-
apiside showed good antifungal activity against fluconazole re-
sistant Candida glabrata (MIC=10 pg/mL); the aglycone (oceanin;
57b) is more active (MIC=3 pg/mL) presumably due to improved
cell permeability.
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°© 58 Rhizochalin
HOOH D-Gal
NH, oH
3 ~29_Me
Me™ 2™ — — — = — — — 28
OH NH,

59 Leucettamol A

Fig. 14. Structures of dimeric Cg and Cso a,w-functionalized sphingolipids from
sponges.

The advantage of this approach is only four model compounds
(60—61) were necessary and sufficient to create all 16
stereoisomeric permutations by simple linear combinations of model
CD spectra. Perbenzoyl—oceanin (62) showed an ECCD spectrum
uniquely superimposable upon the combination erythro-60b--threo-
61a leading to the 25,3R,26R,27R configuration (Scheme 9).

The successful configurational assignment of oceanapiside
represents a relatively simple and concise solution to a difficult
stereochemical problem, one that would not be resolved by total
synthesis since the optical rotary strengths of chiral amino alcohols
are generally weak and discrimination of the diastereomers by
NMR would be equivocal. The hybrid ECCD method has also been
successfully applied to rhizochalin (58)°® from Rhizochalina
incrustata, leucettamol A (59)%7 from Leucetta microrhaphis, and
additional o,w—functionalized sphingolipids.”® It is notable that
leucettamol A (59) was assumed first to be racemic because the [a]p
was ~0, however, ECCD studies by the Molinski group showed
leucettamol A (59) is optically active and has a pseudo-C;
configuration.

AC: CD (conversion to
perbenzoylated aglveon,

/ comparison to models) \ _______________

Fig. 15. Molinski's strategy for configurational assignment of oceanapiside. The position
of the keto-group was revised from C11 to C18. See Ref. 95c.
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; NHBz NHBz 60b +ent-61a
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NH, NH, L E
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Scheme 9. Synthetic models (60—61) used to generate hybrid CD spectra, and con-
version of oceanapiside to perbenzoylated aglycon 62. CD spectra of 62 (dotted line),
and 60b-+61a (solid line) (adapted with permission from Nicholas, G. M.; Molinski, T. F.
J. Enantiodivergent Biosynthesis of the Dimeric Sphingolipid Oceanapiside from the
Marine Sponge Oceanapia phillipensis. Determination of Remote Stereochemistry.
2000, 122, 4011—4019. Copyright © 2000, American Chemical Society. Ref. 95b). Note,
the position of the C=0 group was later revised from C11 to C18. Ref. 95c.

7.4. Amphidinolide E

The Kobayashi group have revealed dinoflagellates of the genus
Amphidinium separated from flatworm Amphiscolops spp. collected
in Okinawa, to be a highly productive source of cytotoxic polyketide
marine macrolides.®® Collectively known as the amphidinolides,
over 34 macrolides have been described to date. Structurally, the
macrolide varies in ring size and frequently embody tetrahydro-
furan or pyran rings, with variable levels of unsaturation, hydrox-
ylation, and methylation as typically observed in small molecules
constructed by Type I PKS biosynthetic machinery. As most of these
macrolides are often functionally and stereochemically rich, they
have provided challenges for structural assignment by integrated
methods. At the same time, the potent cytotoxicities of these
compounds have instigated several synthetic efforts.’°® A full ac-
count of all meticulous assignments, and reassignments by total
synthesis is beyond the scope of this review, but we will consider
amphidinolide E as a technically challenging, representative
amphidinolide target (Fig. 16).

RC: NOESY
AC: degradation, comparison
to authentic standards

RC: NMR (acetonide)
AC: CD (exciton
chirality method)

RC: JBCA
AC: MMM

AC: degradation, comparison

63 Amphidinolide E to synthetic models

Fig. 16. Kobayashi’s strategy for configurational assignment of amphidinolide E.

The isolation (0.9 mg) and planar structure of amphidinolide E
was first reported in 1990. Amphidinolide E (63) showed mild cy-
totoxicity against murine leukemia cell lines: L1210 (IC5¢ 2.0 pg/mL)
and L5178Y (ICsp 4.8 pg/mL).!°! By 2002, a larger amount of 63
(2 mg) was secured by repetitive cultivation from hundreds of li-
ters, which allowed the full stereochemical assignment to be made.
The strategy for configurational assignment integrated the use of

NMR, CD, chemical conversion, and synthesis of optically active
model compounds and standards.

The RC of 63 was assigned by a combination of JBCA, NOESY and
chemical conversion. The cis orientation of the tetrahydrofuran ring
system was identified by NOESY correlations between H13/H16.
Formation of the 7,8-isopropylidene analog 64 (Scheme 10) allowed
the threo assignment between H7 and H8. The C16 to C19 RC was
assigned by JBCA and NOESY data in addition to chemical conver-
sion. The orientation between H17 and H18 was confirmed from
interpretation of NMR of bisacetonide derivative. Amphidinolide
E was hydrogenated (H, Rh/Al,03), further reduced (LiAlH4), and
the resultant alcohol (65) converted to bis-isopropylidene 66
(Scheme 10).

0.4mg

acetone, DMP
63 Amphidinolide E >

O..,
PPTS, Et;N
(0.2-0.5 mg) ><O

1) AcCOH/MeOH o}
Rh-Al,O3, Hy
2) LiAIF, 6402mg

GH OH

HO.., acetone, DMP O:.,
—_—
HO OH PPTS, Et;N
65 B
;; NZ'BOF;‘A 66 12049
3) (R) or (S)-MTPA-CI
. 1 . 13: o :16 OR
N e g z
RO 7 TOR g %ha

RO
67a R = (R)-MTPA 809

68a R = (R)-MTPA 50419
67b R = (S)-MTPA 709

68b R = (S)-MTPA 4049

Scheme 10. Chemical conversion of amphidinolide E (63).

The AC of amphidinolide E (63) was assigned by a combination
of the MMM, exciton chirality method, and degradation. The threo
orientation of the H7/H8 diol allowed for application of the
dibenzoate method.”! Compound 63 was converted to the p-
methoxycinnamate derivative (70) to avoid overlap with lower
wavelength chromophores (Scheme 11). The resulting ECCD spec-
tra showed a negative split—Cotton effect, consistent with the 7R,8R
configuration. Application of the MMM to the tri-MTPA esters
(69ab) gave the 17R configuration (Scheme 11). The remote C2
methyl group was assigned by periodate cleavage—borohydride re-
duction (Scheme 10) to attain diols 67ab 'H NMR signals of
diastereotopic C1 methylene group are diagnostic for the configu-
ration of the methyl group, and was assigned the R
configuration.!®? Finally, tetrahydrofuran degradation products
(68ab) were compared to authentic standards prepared by synthesis.

01mg (R)- or (S)-MTPA-CI
— R0

63 Amphidinolide E or o

0.1mg MeO@—//_l(CI RO N0

69a R, = R, = (S)- MTPA 150 g
69b Ry = R; = (R)- MTPA 120y

70 R4= p-OMe-cinnamate, R, =H 30y

Scheme 11. Preparation of MTPA esters (69) and p-methoxycinnamate derivatives
(70).

This work represents a tour de force modern structure de-
termination where the full configurational assignment was com-
pleted on a sample of less than 2 mg. Total syntheses of
amphidinolide E (63) have been completed by the Roush!®® and
Lee'% groups, and confirmed the configurational assignment pro-
posed by Kobayashi.
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7.5. Bistramides

In 1988, bistramide A (71) the first member of a family of cyto-
toxic spiroketals, was reported from the tunicate Lissoclinum bis-
tratum by the Verbist group in New Caledonia.’®® The complete
planar structure was disclosed by Ireland and co-workers by 1992
(Fig. 17).19 Later, a number of analogs were reported.!%” The bis-
tramides have attracted interest due to their broad, potent anti-
proliferative effects arising from inhibition of actin polymerization
through tight covalent binding to G-actin, and disruption of the
microfilament cytoskeleton.'®® A high resolution X-ray crystal
structure of an actin-bistramide A complex revealed that the binding
site of bistramide A (71) has little overlap with other small molecule
actin inhibitors (e.g., swinholide A,'%° kabiramide A,''° and other
structurally related macrolides'"11?). Rationally designed analogs
and a fluorescent probe showed the enone functionality participates
in covalent modification of the protein target.3

71 R = OH Bistramide A
73 R = C=0 Bistramide C

Fig. 17. Structures for bistramides A (71) and C (72).

RC: NMR (NOESY,
comparison to models)

AC: synthesis of models,
summation of [M]p.

73 Bistramide C

Fig. 18. Wipf's strategy for the configurational assignment of bistramide C (73).

Although the bistramides were reported in 1988, the first partial
RC did not appear for more than a decade until the proposal by the
Solladié group in 2000. NOESY data acquired on the acetate de-
rivative (72) of bistramide A established the RCs of both the ter-
trahydropyran (C6—C11) and spiroketal segments (C22—C31)
(Fig. 19).114

S hisms | 234

. h ; W
A—SUH'Z&/ H Z

»— NOESY RO,

71 R = H Bistramide A
72 R = Ac 15,37- Bistramide A diacetate

Fig. 19. RC of bistramide A (71).

With a proposed RC of these two fragments, the Wipf group
initiated efforts toward defining the relative and AC of bistramide C
(73).° Wipf's strategy synthesized the three stereosegments of
bistramide C and analysis of their contributions to the molar rota-
tion of the natural product (Fig. 18).

The stereochemically less complex bistramide C (73) with one
less stereocenter (C37) relative to bistramide A (71), was chosen as
the target. Two models, anti-74 and syn-75 were prepared to model
the C15/C16 stereocenters of the amide. Comparison of 'H NMR to
bistramide A, showed a closer match to anti-74. The synthetic
strategy narrowed the number of possible diastereomers to 16
based on Solladié’s RC for the tetrahydropyran (C6—C11), C15,C16
stereocenters, and spiroketal subsections (C22—C31). Despite the
arbitrary choice of the target diastereomer 76, with only a 1 in 16
probablility being correct, the convergent strategy provided a rep-
resentative stereo-fragment along with chiroptical data (molar
rotations) that, collectively, informed their proposal for the com-
plete AC of 73.

Bistramide diastereomer 73 was synthesized by a two-segment
(77 and 78) coupling strategy."® The NMR data for 77 matched that
reported for bistramide C (73), except for the '3C chemical shift of
C34. Since the NMR data for the C1-C15 portion of 77 closely
matched those of bistramide C (73), the RC between the tetrahy-
dropyran and the amide linkage was correctly assigned in the
synthetic diastereomer. Therefore, the discrepancy in >C NMR
shifts was a result of mismatch between configurations of the
amide and spiroketal, the spiroketal and C34, or a combination of
the two. With several synthetic intermediates comprising all ste-
reochemical elements of bistramide C, a synthetic diastereomer,
and molar rotations for bistramide C, the chiroptical analysis could
be completed.

The molar rotations of each subunit were summed according to
Van't Hoff's principle of optical superposition.'® Molar rotations of
the synthetic model compounds were calculated from measured
optical rotations and summed to give molar rotation data for the
completely assembled bistramide C diastereomer (Table 2 and
Fig. 20). The tetrahydropyran/amide (77) containing the 6S, 9R,
11R, 155, 16R configuration constituted a diastereomer with
[M]p+119. The C34-contatining fragment was represented by
(+)-normanicone (79) previously reported by Bestmann.'"” The
molar rotation contribution for the spiroketal (C22—C31) portion
was calculated by subtracting the molar rotation of (—)-norma-
nicone ([M]p—51) from synthetic 78 ([M]p+105) to give a value of
[M]p+156. These values were summed to return the calculated
value of [M]p+224 for bistramide diastereomer 76 that closely
matched the experimental measurement of [M]p+211. The same

Table 2
Molar rotations of bistramide diastereomers

Stereogenic segments composing bistramide

C6—C11 THP/amide C22—C31 spiroketal

(6S,9R, 11R, 155, 16R)  (22S, 23R, 27R, 31R)
[M]p=+119° [Mlp=—156

C34 Ketone [M]p
(34R) [M]p=-51 -88

(34S) [M]p=-+51° +14

(22R, 235,275,31S)  34R) [M]p=—51 1224

[M]p=+156"
(34S) [Mp=+51¢  +326
(6R, 9S, 11S, 15R, 16S) (225, 23R, 27R, 31R)  34R) [M]p=-51 -326
[Mlp=—119 [M]p=—156
(34S) [M]p=+51¢  —224
(22R, 23S,275,31S)  34R) [M]p=-51 -14

[M]p=+156"
(34S) [M]p=+51¢ +88

3 Synthetic (+)-77.'"°
b Derived from synthetic (+)-78.
¢ From normanicone (+)-79 K.!'7
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analysis was applied to bistramide C (Fig. 21). Combinations of all
permutations of chiral subunits showed that natural bistramide C
(73) with an experimental molar rotation of [M]p+70 should have
the 6R, 9S, 11S, 15R, 16R, 22R, 23S, 27S, 31S, 34S configuration
(calculated [M]p+88).

TBSO

A)J\ m W

77 [Mlp = +119 /)/

79 (+)- normanlcone i )
M]p = +51 78 [M]p = +105

Tt " [M]p = +105 - (-51) = +156
(C22-C31 spiroketal portion)

A e N
[M]p = +211 (experimental) /j/

[M]p = +224 (calculated)

76 Bistramide C diastereomer

Fig. 20. Assignment of AC of bistramide diastereomer (76) by Van't Hoff's principle of
optical superposition.

S ™
SN 6011‘"')J\N/\1?)}(N\ j

hypotheticalmodel 1 &4 o  ,/ 22%
M =119 o

j)\/l\/ j)\/l\/ [M]D = 4156
hypothetical model
[Mlp = +156 + (+51) = +207

79 (+)- normamcone

[M]p = +51

[M]p = +70 (experimental) (0)
[M]p = +88 (calculated) ,
(0]

331

O X4

73 Bistramide C

Fig. 21. Van't Hoff principles to assign AC of natural bistramide C (73).

In a subsequent report, the Wipf group calculated [M]p values
for each subunit from Boltzmann weighted energy minimized
conformations, and summed as before to obtain reasonable values
for each diastereomer and natural product.'’® The benefits of the
superpositions of molar rotations are obvious: none of the original
material was required for chemical conversions for the assignment
of configuration. The disadvantage is the necessity of synthesis of
fairly advanced intermediates and, of course, accurately reported
[a]p for natural product free of strongly rotating contaminants.
Fortunately, all subunit contribution to the [M]p were relatively
large (>50) giving combinations with significantly different [M]p
values. A cautionary note is approrpiate: the superposition method

is probably less suitable for molecules whose synthetic fragments
show only weak rotatory power (low [Mp]) or similar [Mp] where
the combinations may not be sufficiently discriminated.
Subsequently, the Kozmin group successfully synthesized bis-
tramide A (71), including both 37R and 37S diastereomers, the
latter showed '>C NMR data identical to the natural product and
confirmed the stereochemical predictions by the Wipf group were
correct.'® In 2005, the Wipf group successfully synthesized natural
bistramide C, identical to the proposed configuration.'?° Since then,
several total syntheses of the bistramide class have been

reported.!?!

7.6. Schulzeines

The Fusetani group reported schulzeines A—C (80—82), a-glu-
cosidase inhibitors from the marine sponge Penares schulzei from
Hachijo-island, Japan.'?? The schulzeines are characterized by
a 9,11-dihydroxytetrahydroisoquinoline unit connected to a sul-
fated fatty acid amide (Figs. 22 and 23). The enzyme inhibitory
activity of schulzeines A—C (80—82) range from 48 to 170 nM.

HO 0OSO3Na
N__O
i L
© N
H 0OSO3Na
1.80 Schulzeine A
HO
N
OH H
0OSOzNa
81 Schulzeine B
HO
OH
N
OSO3Na
82 Schulzeine C
HO

1.80 Schulzeine A

RC: degradation, chemical

conversion (acetonide)
AC: MMM, compariso to
synthetic models

RC: NMR (NOESY)
AC: MMM
|

Fig. 23. Fusetani’s strategy for configurational assignment of schulzeine A (80).
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Methanolysis of 80 provided four cleavage products (83—86,
Scheme 12). Analysis of FABMS/MS fragmentation data of the ring-
C opened product (83) located the sulfate groups and, conse-
quently, the full planar structure of schulzeine A (80).

Methanolysis product 84 was used to assign the configuration
of C3 and C11 in the dihydroisoquinoline ring system. NOE
correlations verified stereochemical fidelity of 84 a configuration
unchanged from the parent compound. The free amine was reacted
with (R)- or (S)-MTPA-CI (pyr, 1 h) followed by saponification to
amides 88ab (Scheme 12). The Ad chemical shift differences were
fairly small, however the 3S,11R configuration could be assigned
based on Mosher type analysis.!*3

10 mg 1) 5N HCI/MeOH (1:4)

) 100°C, 1h
80 Schulzeine A 83 +84 + 85+ 86
2) RP-HPLC
HO o OH

6 14 19

EN_O MeO 5 17

OH 1\I OH g5 OH °
NH,
84

o oH
ROESY o,
correlations K742
79.3
for 84 Ho 3 87 324 zs 819

Scheme 12. Acid hydrolysis of schulzeine A (80).

Conversion of the triol 85 (Scheme 13) to the isopropylidene
protected alcohol and esterification with (S)- and (R)-MTPA-Cl gave
MTPA esters 89ab leading to the 14’S configuration. The trans-re-
lationship between H17’ and H18 was evident from ROESY
crosspeaks observed between H17' and one methyl group (¢
1.34 ppm) and H18’ and the methyl group on the opposite face (0
1.32 ppm).

00
HO +0.01

6 o OH
1MbN. _O 14 2 19
H MeO 17 v
OH & ° ST
} H :
06 0oy NAR OH 45 OH
1) (R)- or (S)- 84R=H 1) 2,2-dimethoxypropane, PPTS,
MTPA-CI I: CH,Cly, 0°C, 1h
2) NaOH 88a R = (S)-MTPA 2) (R)- or (S)-MTPA-CI

88b R = (R)-MTPA

o OR 008 o +011 Q7 "0

MeO 9 +0. UA‘\ L.o 09 5

OR %021 %09

MeO 3

(R)-or (S)- I: 86R=H
MTPA-CI 90a R = (S)-MTPA 89a R = (S)-MTPA
90b R = (R)-MTPA 89b R = (R)-MTPA

Scheme 13. MTPA esters from hydrolysis products of schulzeine A (80).

The RC of the tetrahydrofuran 86 from the methanolysis was
assigned by comparison of >C chemical shifts to synthetic de-
rivative 87 (Scheme 12).1?4 Conversion to both (R)- and (S)-MTPA
esters 90 ab, and analysis of 'H NMR gave the C18'S configuration.
The stereochemical outcome upon formation of the tetrahydrofu-
ran 86 is explained by initial hydrolysis of the C17’ sulfate followed
by Sn2 displacement of the C14’ sulfate.

The final stereocenter (C20’) was be assigned by degradation
and comparison to optically pure standards (Scheme 14). Schul-
zeine A (80) was subjected to desulfation under mild acidic
conditions (TsOH),!%> oxidation—reduction (NalO,4, NaBH,4) to give
the primary alcohol, which was converted to the corresponding
(R)-MTPA ester (91). The '"H NMR data of 91 was compared with
both (S)- and (R)-MTPA esters (93 ab) of (S)-3-methyl-1-
pentanol, which was consistent with the 20'S configuration.

Thus, completion of the full stereochemical assignment of
schulzeine A.

1) p-TsOH, MeOH, rt, 1h
2mg 2

NalO4, MeOH/H,0 (3:1) W
80 Schulzeine A ———————————————— : s

NaBH, OR
(S)-MTPA-CI

3
4 91R = (R)-MTPA

{(R)- or (5)- [ %2R =H

MTPA-CI |, 93a R = (S)MTPA |

93b R = (R)-MTPA !

Scheme 14. Degradation of schulzeine A (80) for configurational assignment of C19.

Schulzeine B (81) was subjected to a similar analysis as 80
(Scheme 15). NMR and FABMS data of the desulfation product
showed absence of the methyl branch. Correlations from a ROESY
experiment placed H3 and H11b were on the same face of the fused
ring system. The AC of 81 was assigned from the methanolysis
products (94—96), and showed schulzeine B to be epimeric to
sschulzeine A at C11b.

10m 5N HCI/MeOH (1:4) (0] OH
9 100°C, 1h o.
81 Schulzeine B —————— = MeO 3 y 7
+ 95
o) OH
MeO 9 B
OH g9 OH

+

0.00
+0.01
W
ROESY
H.oo5 NHR

correlat|ons
+ for 9 0.
' -0.02 -003
t 010

1) (R)- or (S) 94R=H
MTPA-CI E
2) NaOH 97aR = (S)}-MTPA

97b R = (R)-MTPA

Scheme 15. Acid hydrolysis of schulzeine B (81).

It is also worth mentioning that this work is reminiscent of
previous studies carried out on a-glucodisase inhibitors penarolide
sulfates A1 and A2 (proline containing sulfated macrolides)'?® and
penasulfate A (sulfated lipids).'?’ Total synthesis of schulzeines A
and B has been reported by the Gurjar'?® and Romo!?® groups. The
Wardrop group synthesized schulzeines A-C,*° and showed the
configurations at C20’ in 80 should be inverted. The reason for the
anomaly in assignments is uncertain.

7.7. Dictyostatin

In 1994, Pettit and co-workers disclosed the structure of a highly
potent anti-mitotic marine macrolide, dictyostatin from Spongia sp.
collected in Maldives.®! The yield of dictyostatin was extremely
low (1.35 mg from 400 kg wet. wt of sponge), and only a partial
assignment (98a) of the RC was disclosed (Fig. 24).

A decade later, following reisolation of (—)-dictyostatin from
a North Jamaican lithistid sponge, a collaborative effort between
the Paterson and Wright groups lead to an assignment (98b) for the
AC (which differed considerably from 98a proposed by Pettit) based
on high-field (700 and 800 MHz) NMR experiments, molecular
modeling, and biosynthetic considerations.’>? Detailed analysis of
NMR data (J coupling and NOESY), showed the C1—C16 to be rel-
atively rigid, adopting only one preferred conformation (Fig. 25).
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Proposed Revised Structure
Sml,)cture by Paterson/Wright
by Pettit (-)-Dictyostatin

RC: NMR (NOESY, JBCA)
AC: biogenesis (discodermolide)

Fig. 24. Pettit’s proposed structure and Paterson/Wright revised structure for
dictyostatin.

Fig. 25. Configurational assignments made for (a) C6 to C12 and (b) C9 to C16 by
NOESY and JBCA.

On the otherhand, NMR data (NOESY and J coupling) for the
C16—C26 segment were consistent with two rapidly interconvert-
ing conformations (Fig. 26). Evidence for this phenomenon was
provided by intermediate coupling constants observed between:
H-19 to H- 18a, H-19 to H-20, H-19 to Me-20 and H-20 to H-21. The
two conformers differed in the orientation of C1/C2 (s-cis or
s-trans), but were formulated as (a) and (b) to satisfy NOESY data.
Molecular modeling (Macromodel, MM2, MonteCarlo search) gave
a low energy conformation consistent with the s-trans configura-
tion and fully consistent with NMR data.

O c1/c2
s-trans
//

H c1/C2
J scis (a)

W

Fig. 26. Two conformations consistent with NMR data: (a) C1/C2 s-cis and (b) C1/C2
s-trans.

The structural features of dictyostatin bear strong resemblance
to discodermolide (99, Fig. 27)'33 another highly potent anti-cancer
polyketide!4 reported by Gunasekera and co-workers from the
deep water marine sponge Discodermia dissolute. Although the two
natural products derive from different sponges, the RC of 98 map-
ped to the corresponding segments in discodermolide (99).
Therefore, it was assumed that the AC of dictyostatin was likely the
same based on a similar biogenesis to discodermolide (99) the AC,
of which was defined by total synthesis of ent-discodermolide by
Schreiber.!

This represents a prime example of the power of high-field NMR
and biosynthetic inferences to arrive at the complete stereostructure
for a complex natural product. Shortly after the proposed

98b Dictyostatin 99 Discodermolide

Fig. 27. Structures for dictyostation (98) and discodermolide (99).

configurational assignment for dictyostatin (98), total syntheses by
the Paterson'*® and Curran'®’ groups reported that the proposed
stereostructure was correct. The material provided by total synthesis
is the only viable source of this rare natural product for biological
testing. Currently, efforts are driven toward SAR studies of synthetic
derivatives, further biological testing, and optimization of a total
synthesis to provide material for pre-clinical trials.

7.8. Psymberin

Psymberin'® (also known as irciniastatin A,'>° 100) is a highly
cytotoxic polyketide from the marine sponges Psammocinia and
Ircinia sp. reported independently by the Crews and Pettit groups,
respectively. In the NCI 60-cell line screen, psymberin showed se-
lectivity for several melanoma, breast, and colon cancer cell lines
(LC50<2.5 nM) over leukemia cell lines (LC59p>25 uM). The struc-
tural composition of psymberin was intriguing because it re-
sembled the compound pederin (101)'%° isolated from the beetle
Paederus sp. and other sponge metabolites (e.g., onnamide A
(102)"! mycalamide,¥? and theopederin'®® from Theonella sp.).
Metagenomic analysis of whole-sponge DNA by Piel and co-
workers have identified the putative genes responsible for the
production of psymberin (Fig. 28).144
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OH O (Irciniastatin A) ~
OMeO O" O
Me O B OMe
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Me on M —Me
NH H Me
N
HN™ °N NN

HO,C O OH
102 Onnamide A

Fig. 28. Structures for psymberin (100), pederin (101), and onnamide (102).

NMR spectroscopic analysis of 100 by Crews was more detailed
and is discussed below. The planar structure was assigned by
a combination of MS, IR, NMR and chemical conversions (methyl-
ation and acetylation), and stereochemical analysis proceeded by
independent consideration of three subunits a—c. JBCA for the C4
and C5 stereocenters (subunit a) was unsuccessful due to compli-
cations from intermediate %Jyc couplings (3 Hz) between H4/C5 and
H5/C4.1%4

The tetrahydropyran ring system (subunit b) was deduced by
coupling constant and NOESY correlations (Fig. 29). The C8/C9
configurational assignment was made based on large 'H-'H cou-
pling between H8/H9 (J=8.0 Hz) that orients the two protons anti
to each other. NOESY correlation between OMe-8/H10eq and H8/
H13,x established the rotamer depicted in Fig. 29. NOESY correla-
tions of the C15-C17 stereotriad (c) established two rotamers in
both C15/C16 and C16/C17 (Fig. 29c).
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Fig. 29. Configurational analysis of psymberin (100): (a) C5 assigned by analogy to
pederin (101) and onnamide (102). (b) Preferred conformation of the tetrahydopyran
and relevant nOes, and (c) Two conformational rotamers about C15/C16 and C16/C17.

The AC of the C17 stereocenter was assigned by comparative CD
analysis. The CD spectrum of psymberin showed a strong positive
Cotton effect at A 280 nm, and that of dihydrocoumarin 103 (R-
configuration)® shows a negative Cotton effect at A 275 nm
assigned to the ‘n— m™ transition. Therefore psymberin (100) was
assigned the opposite configuration (C17R) to that of 103 (Fig. 29).
The remainder of the molecule was assigned from assumptions of
a similar biogenesis to pederin and related sponge metabolites (i.e.,
onnamide).

Following the initial report of psymberin, two synthetic ap-
proaches by the Williams'¥ and Floreancig'*® groups to the di-
astereomeric models of psymberin established the relative and ACs
of the amide side chain. The Floreancig group stereospecifically
synthesized the four diastereomers (105—108, Scheme 16). PMB
ether 104 was deprotected with ceric ammonium nitrate and, un-
der acidic conditions (MeOH, H,SOg4, 60 °C), gave tetrahydrofuran
105 without racemization. The other three diastereomers
(106—108) were prepared by similar procedures to give the four
tetrahydrofuran derivatives needed for analysis. Separation of the
four diastereomers was achieved by chiral GC (Chiraldex G-TA).
Methanolic hydrolysis of psymberin (100) under identical condi-
tions provided tetrahydrofuran 105 that was identical to the com-
pound derived from 104 (Scheme 16). Therefore, the side chain of
psymberin has the 4S,5S configuration. Psymberin has been the
subject of many total and fragment syntheses, which have verified
the stereoassignment.'4°

1) CAN, CH3CN/H,0,
it, 1h

05 il MOMe
2) H,S0;, MeOH, OMe O

100 ug H,SO,4, MeOH
100 Psymberin 1

60°C, 12h
60°C, 12h 104
:OMe OMe OMe OMe
‘7(o>~002w|e 7(0&0021\/@ 7[;§ CO,Me 7[} CO,Me
106 107 108

Scheme 16. Stereochemical determination of the amide side chain in psymberin (100).
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7.9. Caminoside A

Caminoside A (109),° a gycolipid from the marine sponge
Caminus spareoconia from Dominica was the first active natural
product identified in a screening effort to identify small molecule
inhibitors of a type IIl bacterial secretory pathway. Compound 109
exhibits an IC5p=20 pM in the assay (Fig. 30).

Andersen

RC: NMR (J coupling/NOESY)

AC: comparison to authentic
standards.

109 Caminoside A

Molinski
AC: CD (degradation, conversion
to bis-TPP ester)

Fig. 30. Strategy for configurational assignment of caminoside A (109).

Structurally, caminoside A (109) contains an oligosaccharide
glycone comprised of four sugars (2 equiv of p-glucose, p-6-
deoxytalose, and L-quinovose) appended to an oxygenated lipid
aglycone that were identified by NMR and MS data. Compound 109
was subjected to methanolic acid hydrolysis (Scheme 17), to yield
the aglycone (110), as well as a mixture of the mono—methyl gly-
cosides, which were separated. The glycosidic fraction was acety-
lated and purified by HPLC to give bp-o-1-methoxy-2,3,4,6-0O-
tetraacetylglucose (111) and p-p-1-methoxy-2,3,4-O-triacetyl-6-
deoxyglucose (112), both of which matched authentic samples by
specific rotation. The third product, 113 (1-methoxy-2,3,4-O-tri-
acetyl-6-deoxytalose) was assigned by NMR, and then subjected to
acid hydrolysis before comparison with authentic standards
(Scheme 17).

The configuration of the aglycone portion was assigned by
Molinski and co-workers after conversion of 110 to its corre-
sponding bis-TPP ester (118), measurement of liposomal exciton
coupled circular dichroism (LECCD), and comparison to optically
active models (Scheme 18).1>! Previous CD studies on meso 1,5-,1,7-
, and 1,9-glycol bis-TPP esters showed that the AC of these systems
are readily assigned by interpretation of the resulting positive or
negative bisignate ECCD spectra obtained in liposomally-ordered
media.”®? In isotropic media, the latter compounds show only
baseline spectra. Caminoside aglycone (110) was converted to the
naphthoate derivative, and the ketone was reduced to the corre-
sponding alcohol (115) as a C2 epimeric mixture (1:1). The mixture
of diastereomers was subjected to kinetic resolution (Novozym
435, vinyl acetate), to give pure 2R-acetate diastereomer 116a. Re-
moval of acyl groups by ammoniolysis of 116a gave the diol 117,
which was converted to the bis-TPP ester 118 (TPP-piv, Et3N).

OH+ &‘ﬁ

Ac,0
Pyr

HCI

Ho O\ on

, 0
&Q‘ HO&‘\\WOH

111 113 OMe 114

Scheme 17. Configurational assignment of sugars in caminoside A. See Ref. 150.
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1) Np-imidazole

1) Novzym 435, OAc
ONp CH5CN, 45°C /

o OH CH,;CN, DBU PP
)J\/\/\/\/-\ s
CoHig 2) NaBH,, EtOH CoHig 489 (2R)-116a
110 115 45% (2S)-116b
84% two steps
2) silica gel
OAc ONp  NH OH OH TPP-piv, OTPP OTPP
)\/\/\/\/:\ - )\/\/\/\/\ e :
CgH1g CoH1g9 EtN, rt, 8h CoHig
116a MeOH 17 N 118
+ 97% 74%
OH ONp ...
CgHyg
116b
o)
t-Bu
Np

Scheme 18. Molinski's configurational assignment of caminoside A aglycon. Conversion of aglycon 110 to bis-TPP ester 118.

The CD spectrum for 118 (MeOH) showed no significant
Cotton effects. However, when CD spectra of 118 was acquired in
DSPC liposomes, a bisignate positive ECCD spectra was observed.
Therefore caminsoside A (109) has the 10R configuration. LECCD
methodology should be useful for assignment of other natural
products containing 1,n-diols (n=odd; 3, 5, 7, 9, etc.).

7.10. Polytheonamides

The highly cytotoxic polytheonamides A (119) and B (120)
show a remarkable array of alternating .- and p-tert-alkyl glycine
residues. They were first reported in 1994'33 by Fusetani and co-
workers, and revised in 2005'>* The amino acid composition was
established by amino acid analysis, and NMR analysis of the

o]
wﬁf\gx

whole acid—hydrolysate. The N-terminus of polytheonamide B
was originally assigned as a carbamoyl group, but later revised to
5,5-dimethyl-2-oxo-hexanoyl group based on reduction of 120
with sodium borohydride (Scheme 19) to give secondary alcohol
epimers 121. Subsequently, the 44th residue, first formulated as
a y-hydroxy-t-leucine was revised to a B,8-dimethylmethionine
sulfoxide based careful interpretation of MS and NMR data.

The sequence assignment of amino acids was carried out by
NOESY (n to n+1 crosspeaks of NH to Ha). In DMSO-dg, poly-
theonamide B (120) is in a random-coil conformation, which fa-
cilitated sequential assignment.

The AC of the constituent amino acids were secured by chiral
GC—MS and Marfey’s analysis!>> of the total acid hydrosylate. Initial
analysis showed the r-amino acids were: Thr, Ile, Glu, Val, and

OH
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T'Eg:m NHMe
SO NS S ESSUBRES NS E S N
N N N 2o sl 2 2N N AN 20
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Scheme 19. Chemical conversions of polytheonamide B.
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BMelle, and p-amino acids consisted of: HO—Asp, Ser, and aThr. The
remaining amino acids: Ala, t-Leu, Asp, HO—Val were mixed D and L
configurations and a sequence specific stereochemical method was
used to address this problem.

Partial hydrolysis of polytheonamide B (120) (HCI/EtOH, 70 °C,
30 min) afforded a complex mixture of peptide fragments. The
composition of several fragments were identified by FABMS, and the
N-terminal amino acids of each fragment were identified by dan-
sylation, partial hydrolysis, and chiral GC or Marfey’s analysis, fol-
lowed by Edman degradation. Exhaustive analysis of the peptide
fragments gave the complete configuration of all amino acid resi-
dues except for the sulfoxide containing amino acid. The B,B-
dimethylmethionine sulfoxide did not survive acidic hydrolysis,
therefore 120 was reduced to the corresponding B,B-dimethylme-
thionine analog (122) and cleaved with cyanogen bromide (Scheme
19) to the corresponding L-B,8-dimethylhomoserine lactone (123),
which was compared with authentic samples by GC analysis.

Finally, the structure of polytheonamide B (120) showed the same
gross structure as polytheonamide A (119). This led to the proposal
that the difference between the two compounds was either a change
in configuration of one or more amino acids or the sulfoxide ster-
eocenter. Adventitious autooxidation of 122, obtained from either
polytheonamides A or B gave a 1:1 mixture of polytheonamides A
(119) and B (120). In addition, separate oxidation of polytheonamides
A (119) or B (120) (oxone, Scheme 18), provided the same sulfone
(124) confirming that the two peptides were epimeric at S.

The heroic effort of structure elucidation of polytheonamides A
and B, has now been followed by the first total synthesis of these
peptides by the Inoue group.!®® In addition, a solution conformation
based on NMR and molecular modeling has also been reported,
which shows that the potent cytotoxicity associated with these
peptidesis attributed to their pore-forming abilities through a unique
B-helix motif.">” A single molecule of polytheonamide B spans 45 A,
or about three times longer than gramicidin A, another pore-forming
peptide. It is interesting to note that the polytheonamides are more
effective pore-forming peptides than synthetic peptides with non-
natural alternating configurations (p- and L-form).

7.11. Citrinadin A

Citrinadin A (125) obtained by fermentation of Penicillin cit-
rinadin, separated from a red alga is a pentacyclic spirooxindole
alkaloid containing 7 stereogenic centers.”®® It exhibits modest
activity against murine leukemia L1210 and human epidermoid
carcinoma KB cells (ICs 6.2 and 10 pg/mL, respectively). The planar
structure was assembled by 2D NMR data (Fig. 31).

RC/AC: NOESY

AC: hydrolysis,
chiral HPLC

125 Citrinadin A

AC: VCD (comparison to
synthetic models)

Fig. 31. Kobayashi’s strategy for stereochemical assignment of citrinadin A (125).

The RC of the pentacyclic core of citrinadin A was established by
ROESY data and 'H—'H coupling constants (Fig. 32a). The relative
orientation of the spirooxindole system was secured from ROESY
correlations from H4 to both NMe26 and Me29.

Fig. 32. NOESY correlations for (a) Citrinadin A (125) and (b) Citrinadin A chlorohydrin (126).

The AC of the L-N,N-dimethyl valine residue was assigned by
acid hydrolysis (1IN HCI) and chiral HPLC (Sumichiral OA-5000,
1 mM CuSOy4 aq).”*® In a subsequent report, the Kobayashi group
assigned the C14 AC of the pentacyclic core by ROESY correlations
relayed from the 25-N,N-dimethylvaline residue (Fig. 32b).%° The
chlorohydrin derivative (126) obtained by treatment of citrinadin A
with HCI (50 mM in MeOH).

No standard methods to assign the isolated C21 stereocenter in
the epoxide ring were available. Consequently, vibrational circular
dichroism (VCD) spectra of the natural product was measured and
compared to those of enantiomeric aryl keto-epoxides, 2R-(+)-127
and 2S-(—)-127 that were synthesized in five steps from benzal-
dehyde (Fig. 33). Although the VCD spectra of the model com-
pounds did not show exact mirror images as expected, the Cotton
effect at 1230 cm ™!, was attributed to symmetrical stretching of the
epoxide ring, and the Cotton effects of the model spectra were
opposite. This band was used to assign the configuration in the
natural product. Therefore the complete assignment of citrinadin A
was assigned as 3S,8S,2R,14R,16S,18R,21S. The use of VCD by com-
parative methods should gain popularity as instrumentation be-
comes more available and sensitivity improves.

0 : o)

O (+)-1.127

VCD: v1230cm™'CE=(-)  VCD: v 1230 cm™ CE = (+)

Fig. 33. Synthetic epoxides (—)-127 and (+)-127 used for comparison of VCD to cit-
rinadin A (125).

7.12. Sagittamide A

The sagittamides,'®! reported by Lievens and Molinski from an
unidentified tunicate collected in Micronesia are polyacetoxy long
chain a,w-dicarboxcylic acids terminated as amides of ornithine
and valine (Fig. 34).
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RC: JBCA, synthesis of models
AC: CD (comparison to models)
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AC: total synthesis
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(Kishi)

Fig. 34. Strategies by Molinski and Kishi for the configurational assignment of sag-
ittamide A (128).

1-Ornithine and t-valine were identified by Marfey’s analysis'>®
of the acid hydrolysate of 128. Two different configurational as-
signments by the Molinski'®? and Kishi'®® groups were proposed
for the contiguous hexa-acetoxy segment, however the Kishi con-
figuration was verified by total synthesis as described.!64

The UDB approach was advanced beyond '3C chemical shift
profiles to 3]y coupling constant profiles derived from synthetic
compounds of known configuration reported in the literature.®®
Profiles were generated for all the diastereomers of a contiguous
tetracetate for a total of eight subgroup profiles (SSS, AAA, ASA, SAS,
SSA, ASS, SAA, and AAS) (Fig. 35). Polyacetates containing greater
than four contiguous stereocenters can be assigned by overlap of
adjacent coupling constant profiles (Fig. 36).

[
51 57 48 49 48 54 88 22 80 21 98 19 74 32 73 73 32 74 28 80 35 35 80 28

Fig. 35. °Juy profiles for tetraol peracetates. (A=anti, S=syn). Reprinted with permis-
sion from Seike, H.; Ghosh, 1; Kishi, Y. Attempts to Assemble a Universal NMR Database
without Synthesis of NMR Database Compounds. Org. Lett. 2006, 8, 3861—3864.
Copyright © 2006, American Chemical Society. Ref. 165.

The hexa-acetoxy profile (A) of 128 was divided into three
subgroups: (D) C5—C8, (C) C6—C9, and (B) C7—C10. The profile for
each subgroup was compared to the subgroup profiles generated
for the tetraol peracetates. The closest match for subgroups D, C,
and B were SAA, ASA, and SAS, respectively. The RC of the hexa-
acetoxy segment to be defined as 55*,65*,75%,85%,95%,10R*.

OAc QAc OAc

B0

Sl

OAc OAc OAc

a =H5/H6 (4.0 Hz)
b = HB/H7 (8.3 Hz)
¢ = H7/H8 (1.5 Hz)
d = HB/H9 (9.9 Hz)
& = HY/H10 (1.8 Hz)

= ZlAHzl =0.8Hz
_ASA

& ZIAHzI =2.1Hz

= ZlAHzl =2.1Hz

28 80 35

1.5 83 40

Fig. 36. UDB approach for assigning the hexahydroxy acetate portion of sagittamide A.
(A=anti, S=syn). Reprinted with permission from Seike, H.; Ghosh, L; Kishi, Y. Ste-
reochemistry of Sagittamide A: Prediction and Confirmation. Org. Lett. 2006, 8, 3865.
Copyright © 2006, American Chemical Society.

The Kishi group proceeded to synthesize two diastereomers 128
and the antipode of 129 (Fig. 37). 'H NMR mixing experiments
showed 128 was identical to natural sagittamide, while the anti-
pode of 129 showed slight differences in the acetoxy 'H signals.

OAc OAc OAc
~ 1 N\2_'/COOH
0~
O COOH
NMNHZ

H
128 Sagittamide A

Fig. 37. Diastereomers synthesized by Kishi.

Griesinger and co-workers reported the use of residual dipolar
couplings (RDCs) for the assignment of the RC of the hexa-acetoxy
segment of sagittamide A.'%® A combination of JBCA and NOE data
narrowed the RC to four diastereomers. Measurement of RDCs and
comparison to Boltzman—weighted calculated values gave only one
diastereomer (with the same RC as 128) with data consistent with
the measured values. RDCs, up until now an undervalued NMR
parameter in natural products structure determinations, should
find expanded use in the future, particularly for resolving ambigous
solutions from JBCA.



TE Molinski, B.I. Morinaka / Tetrahedron 68 (2012) 9307—9343 9327

713. Gymnocins

Gymnocin A (130), a highly cytotoxic polyether toxin was iso-
lated from the red tide dinoflagellate Karenia (formerly Gymnodi-
nium) mikimotoi by Satake and co-workers in 2002.'%7 The structure
of 130 was assembled through analysis of 2D NMR and detailed
analysis by FAB collision—induced dissociation (CID) MS. The RC of
the polyether system (all rings oriented in the trans cisoid
fashion) was assigned from NOE and coupling constant data. The
C50S AC of gymnocin A was addressed by application of the MMM
to esters 131ab (Scheme 20). Soon after the isolation, asymmetric
synthesis of (+)-gymnocin A (130) was completed by Sasaki, veri-
fying the absolute stereostructure.'®®

In 2005 Satake and co-workers reported another polyether
derivative related to 130 they named gymnocin B (132).1%° Gym-
nocin B is the largest contiguous polyether compound reported to
date. The structure determination (planar and relative conforma-
tion) of 132 was carried out in a similar fashion as gymnocin A
(Fig. 38). Unfortunately, the secondary hydroxyl groups were
unreactive toward MTPA-Cl, and the MMM was not applicable.
That same year, Berova and co-workers reported a tour de force
effort to assign the AC of gymnocin B by chemical chiroptical
methods.!”0

Long range exciton coupled CD between chromophores sepa-
rated by 50 A was described by Nakanishi using p-(meso-triphe-
nylporphyrin)-carboxylic acid (O-TPP) esters of brevetoxin B as
chromophores.””!  The brevetoxin polyether system adopts

RC: NMR {NOESY, J coupling)

AC: CD (conversion to bis-TPP ester,
( exciton chiraiity methad, \
L PR 0. N '

132 Gymnocin-B

Fig. 38. Berova’s strategy for configurational assignment of gymnocin B (132).

a preferred conformation in polar solvents (MeOH/H;0) that leads
to a strong bisignate exciton coupled CD spectrum. These principles
were applied to the assignment of gymnocin B (132).

TPP chromophores were attached to the less reactive —OH
groups in relatively high yield by a combination esterification/cross
metathesis protocol (Scheme 20). This method was perhaps in-
spired by previous successes in alkene metathesis with styrenes to
install benzenoid chromophores'’? to allylic alcohols and allylic
amines.””> Gymnocin B (132, 300 pg) was converted to the aceto-
nide (2,2 dimethoxypropane, PPTS), and acylated (acryloyl chloride)
to give an acrylate ester 133 that was subjected to cross metathesis
with vinyl-TPP 135 in the presence of Grubbs’ second generation
catalyst (134), which gave bis-TPP-cinnamate ester 136 (~ 10 pg). A
positive split Cotton effect (A (MeOH) 419 nm (Ae+11), 414 nm
(Ae—15)) was observed in the CD spectra of 136 due to long-range
exciton coupling, which confirmed attachement of both TPP groups.

-0.17

(R)- or (S)- *TH 002 00

131a R = (S)-MTPA
131b R = (R)-MTPA

1) acetone,
p-TsOH, rt

2)
OH Cl)v

Et;N, DMAP,
OH  CH,Cl,, 60°C

Scheme 20. Conversion of gymnocin A (130) to MTPA esters (131ab), and conversion of gymnocin B (132) to bis-TPP ester (136).
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The relative orientation of the hydroxyl groups (pseudoaxial
or pseudoequatorial) in 136 were critical for defining the di-
rection of electronic transition dipoles. Evaluation of coupling
constants and NOE data for gymnocin B (132) established that
both hydroxyl groups (C10 and C37) are oriented in the pseu-
doaxial position (Fig. 39). Conformational analysis (MMFF94) on
a series of truncated monocinnamate (rings systems including:
A-C, I-K, H-K, G-K, and F-K) and biscinnamate models (A-O)
verified that the cinnamate esters orient in the axial position and
with an s-cis conformation of the double bond. Conformational
analysis of the complete gymnocin B TPP cinnamate system
showed that while the C10 ester remains in the axial position,
the C37 ester adopted an equatorial position. The Boltzman
distribution of the lowest energy conformations (<7 kcal/mol),
showed the projection angle is positive in sign and should
give rise to a positive split Cotton effect if gymnocin B (132)
contained the 10S and 37S configuration. Finally, quantitative
calculated CD spectra of the three lowest energy conformers
showed that the magnitude of the Cotton effects were of sub-
stantial magnitude.

Fig. 39. NOESY correlations establishing the RC of the BC and JK ring systems of
gymnocin B (132).

7.14. Spirastrellolides

The think-red encrusting sponge, Spirastrella coccinea from
Dominica has been the source of a group of highly anti-mitotic
spiroketal macrolides named the spirastrellolides, isolated by the
Andersen group.'” To facilitate purification, the spirastrellolides
were converted to their corresponding methyl esters by treatment
of either the crude extract or partially purified fractions with
TMS—diazomethane. Spirastrellolide A methyl ester is the most
abundant, and showed high anti-mitotic activity against MCF7
human cancer cells (80 nM)."”> The planar structure and partial RC
for spirastrellolide A was depicted as 137 (Fig. 40) in the initial
report based on HRCIMS and 2D NMR analysis. The RC of the C13-
C21 spiroketal and C27—C29 portion of the second spiroketal were
assigned by coupling constant and ROESY correlations.

The following year, larger amounts of spirastrellolide A methyl
ester (45.1 mg) were purified, which allowed chemical conversions

137 Spirastrellolide A methyl ester
(originally unassigned AC)

dimethoxypropane,
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Fig. 41. Structures of shishididemniols A (145) and B (146), didemniserinolipid B, and
cyclodidemniserinol sulfate.

to be carried out. ESIFTMS of peracetylated spirastrellolide A sug-
gested that the originally assigned structure was incorrect due to an
error in the original molecular formula; the correct molecular for-
mula should be Cs3Hg3017CL.7® Further NMR analysis showed spi-
rastrellolide A is the structure depicted 138. Following revision of
the planar structure, a thorough investigation to assign the RC was
carried out by extensive analysis of | coupling and ROESY data of the
diacetonide derivative 140 (Fig. 40). This analysis led to stereo-
chemical assignments of the three isolated stereogenic units
(C3—C7, C9—C21, and C27—C38) that reduced the number of pos-
sible diastereomers for 133 to 16.

The RC and AC of spirastrellolide B (141), except C46, were
solved by X-ray diffraction by chemical conversion of a dihydro,
dechloro derivative of 138."77 Detailed NMR analysis of spi-
rastrellolide B methyl ester (142) and comparison to spirastrellolide
A methyl ester (139) revealed that the RC was conserved
between both macrolides. The bisacetonide derivative (143) of
spirastrellolide B was subjected to perruthenate cleavage (RuCls/
NaClO4) and alkylation with p-bromo-o-bromoacetophenone to
provide phenacyl ester 144 (Scheme 21). Under these conditions,
the C22/C23 acetonide had been cleaved and the C23 hydroxyl
oxidized to the C23 ketone.

Slow evaporation of 144 from CH3CN gave crystals suitable for
X-ray diffraction studies. X-ray data showed the RCs for the three

138 R =R’ =R" = R" = H Spirastrellolide A
139 R=Me, R =R"=R"=H

PPTS, CH,Cl,,

Me
48'h, 1t L= 140 R=Me, R" =H,R'=R" = ><Me

Fig. 40. Originally proposed structure for spirastrellolide A (137), and corrected structure for spirastrellolide A (138).
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141 R = R' = R" = R" = H Spirastrellolide B
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Scheme 21. Structure for spirastrellolide B (142) and conversion to p-bromophenacyl derivative (144).

subunits in spirastrellolide A were identical to those in spi-
rostrellolide B, and the presence of a heavy atom (bromine) provided
the anomalous dispersion required to solve the absolute stereo-
structure. The unique structure of spirastrellolide and its potent bi-
ological activity has attracted significant attention in the synthetic
community. Several fragment syntheses of 141 have been reported
by De Brabander,'”® Forsyth,'”® Paterson,'®® Hsung,'®! Furstner,'8?
Smith,'®3 and Phillips.'®* Total syntheses of spirastrellolide A
methyl ester and spirastrellolide F methyl ester have been accom-
plished by the Paterson,'®> and Furstner'®® groups, respectively.

7.15. Shishididemniols

In 2007, Matsunaga and co-workers disclosed the complete
structures of long chain lipids, shishididemniols A (145) and B (146)
(Fig. 41) from a tunicate of the family Didemnidae.?*! Compounds
145 and 146 showed antibacterial activity against the fish patho-
genic bacterium Vibrio anguillarum (20 ug/6.5 mm ¢ disk zone of
inhibition; 8 and 7 mm for 145 and 146, respectively). The shishi-
didemniols resemble serinolipids previously reported from
Didemnid tunicates (e.g., didemniserinolipid B (160)'®” and cyclo-
didemniserinolipid A (159)'8),

The planar structures of the shishididemniols were established
by 2D NMR and MS. The location of the C16 hydroxyl was assigned
by analysis of fragmentation ions observed by FABMS/MS data. The
structures of the shishididemniols contain several isolated stereo-
chemical elements, and presented several challenges for configu-
rational assignment. Each isolated stereo segment was
independently assigned by a combination of chemical conversions,
and several different uses of CDAs (Fig. 42).

AC: NMR (hydrolysis, comparison
to synthetic models.

145 Shishididemniol A

AC: conversion to 1

AC: MMM I RC: chemical conversion 2-naphthyimethoxyacetic AC: MTPA
AC: MMM esters

acid (2-NMA) esters
Fig. 42. Matsunaga’s strategy for configurational assignment of shishididemniol A (145).

The cis RC of the epoxide was assigned from observation of large
vicinal coupling (J=4.1 Hz). The C6/C7 RC was assigned by conver-
sion of 145 to the C6/C7 acetonide 149 (Scheme 22). CBz-protected
shishididemniol A (147), was subjected to epoxide ring opening
(MgBrye Et,0), which gave bromohydrin (148), that was converted
to the acetonide 149.

T o) OR 005" 0.00

Séb l 021 -0.17 l z +0.05 +0.07 ‘M
e 6‘”‘1‘(‘]?{)4 A > e 07 YTETOR

OR ™" OR 151a R = (R)-MTPA OR
151b R = (S)-MTPA
(S)-or (R)-
o} MTPA-CI
\)J\ Pyr
NH J=4.1Hz

NHR
OH
31
CBz-Cl, Et;N 145 R =H 50mg
CHCly/MeOH (3:1) [
rt, 16 h 147 R=CBz 40 mg
77%
o MgBrs OEty, Et,0, 1t, 3 h
\)k 48%
HO o
A E NHCBz
WM OH
o] 10mg l 2,2-dimethoxypropane, PPTS, CH,Cl,, t, 1 h
589
\)J\NH %
HO.__A__O
~N NHCBz
OH

31

—0.0"1 ~0.01

150a R = (R)-MTPA
150b R = (S)-MTPA

Scheme 22. Conversion of shishididemniol A (145) to acetonide (149), Ad’s (ppm) from
application of the MMM to €2, C6 and C30.

NOESY crosspeaks for acetonide (149) revealed the trans ori-
entation. The 2S, 6S, and 30S stereochemical assignments were
assigned by the MMM from MTPA esters 151ab. Acetonide (149)
was also converted to its MTPA esters (150ab), which showed the
configurational assignment at C2 was consistent with the MTPA
esters (151ab) derived from 145.

The AC of the tyramine portion of the molecule was addressed
by cleavage of the amide bond, conversion to the per-MTPA esters
and comparison to model compounds (Scheme 23). Acidic hydro-
lysis of shishididemniol A (145) gave a mixture of epimers at the C2’
position, however hydrazinolysis gave only one isomer, which was
treated with both (R)- and (S)- MTPA-CI and gave esters 153ab. For
'H NMR comparisons, two sets of diatereomeric esters were
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synthesized: 154ab for comparison of H9’ to H11’ and 155ab for
comparison to H1’ and H2'. Comparative NMR analysis showed the
tyramine portion to contain the 2’'R and 10’S ACs.

] NH,
hydrazine S)-or
145 120°C, 12 h 0\)\/0"' I(VI'I)'PA (CI)
Shishididemniol A ———— > ’ 10 .
20 mg 98% HoN 2
OH 152
NHR NHR
0. OR
35 o7 %4 520R 3.68 4\0?)4&4\6
374 06 401 4.62 6.13 4.58
RHN RHN
OR 153aR = (R)-MTPA OR 153b R =(S)-MTPA
NHR NHR

! oA _or
©/ 3% 4% models used for C10'
: =(R-

OR OR
155a R = (R)-MTPA

Scheme 23. Conversion of shishisididemniol A (145) to tyramine MTPA esters (153ab),
and selected 'H NMR chemical shifts for 153ab, and synthetic models 154ab, and 155ab.

Chiral derivatizing agent, 2-naphthylmethoxyacetic acid (2-NMA)
was used to assign the remaining isolated C16 stereocenter
(Scheme 24). Anisotropic studies have shown that 2-NMA shows
favorable anisotropic effects over long distances, and 2-NMA was
used previously for the assignment of remote stereocenter in gin-
nol.3® Bromohydrin 148 was subjected to periodate cleavage followed
by reduction (NaBH4) to the primary diol 156, which was protected as
the TBDPS ether 157. (R)- and (S)-2-NMA were separately coupled to
the secondary alcohol 157. Differential '"H NMR analysis of the derived
esters 158a,b showed C16 was consistent with the R configuration.

148 10 mg
1) NalO,, MeOH/H,O (4:1), 1t, 1 h
2) NaBHy, rt, 15 min

Br OR; NHCBz
ROA A B A O A 0Rl
TBDPS-CI, Pyr [156: Ry =Ry=H
157: R1=TBDPS,R2=H 1.5mg

(R)-or(S)-NMA
EDC, DMAP, CH,Cl,

rt, on
67% from 148

Br 012 NHCBz
TBDpsoMo\)\/or BDPS
4002T+OU7
+0.02 | +0.07

w003 158a R = (R)-2-NMA
158b R = (S)-2-NMA

2-naphthylmethoxyacetic acid (2-NMA)
Ra Ry

1 HO__A (S)-2-NMA R{=OMe, Ry=H !
i ) O (R)-2-NMA Ry=H, R;=OMe !

Scheme 24. Conversion of bromohydrin 148 to (R)- and (S)-2-NMA esters (158ab) and
A¢ values.

The complete stereochemical assignment of shishididemniol A
included a number of chemical conversions, and various in-
corporations of MTPA esters to assign the AC of the six isolated
stereocenters. The C16 stereocenter was assigned by 'H NMR of the
(S)- and (R)-2-NMA esters, which showed differential H chemical
shifts ten carbons removed from the stereocenter. The methodol-
ogy used in this investigation should be useful for other serinol
lipids of this class.

7.16. Phorbasides

The phorbasides A (12), B-E, and F (10)'® (Fig. 43) from the marine
sponge Phorbas sp. are recent additions to a group of cytotoxic gly-
cosidic 14-membered ring macrolides from various marine organ-
isms; others include aurisides A (161)'%° and B and dolastatin 19
(162)1°° from the sea slug Dolabella auricularia, callipeltoside A (163)
from the sponge Callipelta sp.,'”! and lyngbyaboulloside (164) from
the cyanobacteria Lyngbya bouillonii (Fig. 43).1°> Configurational
assignment of auriside A (161) by combined J coupling and NOESY
analysis, which established the complete RC. The AC was assigned by
degradation, and comparison with authentic standards of 165 and
ent-165 (Fig. 44). The configurational assignment of the aurisides
was verified by total synthesis by Paterson.'9

OMe

OH

vo o "
L Mffitﬁ,,

ICs0=0.17 g/mL

ICso=11.3 g/mL (NSCLC-N6)

' ., . (HelLa S3) 156.3 g/mL (P388)
MeO” 07 " S 0 N
165
-L-rhamno- o o MeO
pyranoside
s

161 Auriside A
(Dolabella auricularia)

163 Callipeltoside A
(Callipelta sp.)

ICsp=30.0 M

1Csp=017 M " (HCT-116)

Glgy=0.72 g/mL (MCF7)
(neuro-2a)

. 0.76 g/mL (KM20L2)
MeO

HO'" N Br N Br

12Phorbaside A, R=Me H ~ Cl
10Phorbaside F, R = H

164 Lyngbouilloside A
(Lyngbya bouillonii)

162 Dolastatin 19
(Dolabella auricularia)

Fig. 43. Structures and activities for auriside A (161), callipeltoside A (163), lyng-
bouilloside (164), dolastatin 19 (162), and phorbaside A (12).

RC: NMR (NOESY)
AC: CD (chemical conversion,
exciton chirality method)

' RC: NMR (J coupling)
i =— |AC: CD (comparison to
1 synthetic models)

11 Phorbaside A

Fig. 44. Molinski’s strategy for configurational assignment of phorbaside A (12).

The callipeltosides and phorbasides contain 3'-O-methylevalose,
a C-methyl sugar, and an additional chromophoric stereochemical
element, a diene-yne chlorocyclopropane and ene-yne chlor-
ocyclopropane, respectively. Although the RC of the cyclopropane
has been assigned by coupling constant and NOE data (Fig. 45a), no
general method has been presented to establish the relative and AC
between the macrolide ring and chlorocyclopropane. Prior to the
report of the phorbasides, configurational assignment of the
chlorocyclopropane ring of callipeltoside A had been achieved only
after total synthesis reported by Trost'?* and Evans.!%>

The Molinski group developed a quantitative approach to si-
multaneously solve the AC of both the configuration of the side
chain and C13 of the macrolide ring using circular dichroism
(Fig. 45b,c). Both UV and CD spectra of phorbasides A and B were
dominated by the ene-yne chlorocyclopropane chromophore, and
displayed a moderately intense positive CE [Amax 232 nm (A&+9.1),
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Fig. 45. NOESY correlations used to establish the relative conformation in phorbaside
A, and synthetic models (166—168) used for quantative CD comparison. (a) CD spectra
of phorbaside A (12), 166, and ent-166. (b) CD spectra for 12, 167, and 168. Reprinted
with permission from Skepper, C. K.; MacMillan, J. B.; Zhou, G.-X.; Masuno, M. N.;
Molinski, T. F. from the Marine Sponge Phorbas sp. Assignment of the Configurations of
Phorbasides A and B by Quantitative CD. ]J. Am. Chem. Soc. 2007, 129, 4150—4151.
Copyright © 2007, American Chemical Society. Ref. 16a.

241 (+8.1)]. The contribution of the ene-yne chlorocyclopropane
lacking the C13 stereocenter was observed by synthesis of two
stereospecific model compounds 166 and ent-166. The sign of the
CEs for model compounds 166 and ent-166 was informative of the
configuration of the cyclopropane, but the magnitude was less than
expected. The additional contributions to the Cotton effects were
attributed to the chiral C13 stereocenter and confirmed by
comparison with two additional synthetic diastereomers 167 and
168. The CD spectrum of 167 was almost identical to that phorbaside
A (12) showing, unexpectedly, that the AC of the yne-
chlorocyclopropane of 11 is opposite to that of callipeltoside A (163).

The assignment of the AC of the 2-O-methylevalose glycone of
phorbaside A was developed.'® Assignment of sugar configuration by
exciton coupled CD of dibenzoates was described by Nakanishi,'*®
however this approach less practical for the tertiary OH in the C-
methyl sugar, O-methyl evalose. Consequently, a more reactive aryl-
isocyanate was chosen for derivatization. Phorbaside A (12) was sub-
jected to a three-step degradation sequence: methanolysis, naph-
thoylation, and addition of 2-isocyanato-6-methoxynaphthalene to
give carbamate 170 (Scheme 25). The CD spectrum of 170, derived
from L-rhamnose gave a weak positive bisignate Cotton effect [Amax
241 nm (Ae+2.6), 226, (—1.5); A=4.1] identical in sign and magnitude
to that of authentic 170 prepared from L-rhamnose.

The configurational assignment was verified by the total syn-
thesis of phorbaside A (12) by Paterson and Paquet'®” and mea-
surement of the CD spectrum of the product.

7.17. Goniodomin

Goniodomin was purified first by Burkholder and co-workers
in 1968 from the marine dinoflagellate Goniodoma sp. collected
in La Parguera, Puerto Rico.”® At the time, limited structural

11 Phorbaside A

50 png

1) HCI, MeCH,
100°C, 5h

2) naphthoyl-Cl,

pyr. rt
3) 169, pyr, 50°C
4) RP-HPLC

2 s L L s
200 220 240 280 280 300
A/nm

Scheme 25. Conversion of phorbaside A (12) to dichromophoric (170). CD spectra for
(a) synthetic-170 and (b) 170 derived from phorbaside A (taken from Ref. 16b).

information was provided. Murakami and co-workers, working
a decade later on a different sample of goniodomin A obtained from
Goniodoma pseudogoniaula, provided additional configurational
detail through analysis of extensive NMR experiments (COSY,
COLOC, PSNOESY)'®” (Fig. 46).

Fujiwara
RC: Synthesis of
A, F, and DE-ring models

Sasaki

RC: NMR (NOESY, J Coupling)

AC: degradation, comparison
to authentic material.

171 Goniodomin A

Fig. 46. Strategies by Fujiwara and Sasaki for the configurational assignment of go-
niodomin A (171).

Almost two decades passed before the Fujiwara group disclosed
the synthesis of model compounds to establish the RC of gonio-
domin A (171, Fig. 47).2%° Synthesis of A-ring models 172 and 173,
and comparison of NMR data revealed consistency with goniodo-
min A. In particular, the C32/C33 and C33/C34 RCs are assigned to
the cis and trans configurations, respectively. Macrocyclic model
compounds 176 and 177 were synthesized to represent the D/E
rings of goniodomin A (171). Compound 176, with a trans C21/C22
relative confiuguration, was more consistent with the coupling
constant observed for goniodomin A.
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J | {
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Fig. 47. Model compounds synthesized by Fujiwara.
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In 2008, just prior to Fujiwara’s disclosure of the RC of the
DE ring system, the Sasaki group proposed the relative and AC of
goniodomin A (171) based on high-field NMR (500, 600, and
900 MHz) experiments in different solvents, chemical conversion of
the natural product, and comparison with synthetic model com-
pounds.?°! High-field NMR experiments, J-coupling and NOESY
correlations were used to secure the RC of the relatively rigid
macrolide ring containing A through E (Fig. 48 (a and b)). The threo
orientation of the C26/C27 diol was assigned by conversion to the
corresponding acetonide (178, Scheme 26) and NOESY correlations

Fig. 48. Selected NOESY correlations for the assignment of RC of the macrolide ring
and side chain (ring F) For goniodomin A (171).

PPTS,
DMP,
CH,Cl,,
rt

0.74 mg

171 Goniodomin A
2mg

—

Pb(OAc),
CH,Cly,
—40 to —20°C

Scheme 26. Converision of goniodomin A to acetonide 178 and di-aldehyde 179, and
synthetic model aldehydes 181 and 182.

from one methyl group to H26 and the other methyl group to H27.
The RC of the macrolide portion was relayed to the C31 sterocenter
by NOESY correlations (Fig. 48(c)).

The RC between C31 and C32 as well as the AC were assigned by
chemical methods (Scheme 26). After considerable experimenta-
tion, it was found that cleavage of the C26, C27 diol of 171 with
Pb(OAc)4 gave labile di-aldehyde 179 of sufficient stablility for im-
mediate NMR analysis before spontaneous elimination to aldehyde
180. Synthesis of model compounds 181 and 182 provided chemical
shift data that was indicative of the RC between H31 and H32. The
NMR data for di-aldehyde 179 showed a closer match to 181.

The AC of goniodomin (171) was secured from conjugated ke-
tone 183a, prepared by treatment of 180 with (R)-MTPA-CI
(Scheme 27). Authentic diastereomeric MTPA esters 183ab were
formed from 181, which showed goniodomin (171) contained 33R
and 34S configurations.

RO Me
183a R = (S)-MTPA

(R)- or (S)-

MTPA-Cl 1832 R = (5)-MTPA

183b R = (R)-MTPA

Scheme 27. Conversion of model ketone (S)- or (R)-MTPA-CL.

7.18. Plakinic Acids I-L

Relatively few methods exist for solving the absolute stereo-
chemistry of remote or isolated methyl branched stereocenters. The
Molinski group applied liposomal CD (1-CD) of naphthamides to
assign remote methyl branched stereocenters in plakinic acids I
(184) and J (185),2%% endoperoxides from the marine sponge Pla-
kortis halichondroides, collected in the Bahamas (Figs. 49 and 50).
w-Phenyl polyketide peroxides have received interest due to their
sub-micromolar activity against parasites, including the malaria
vector Plasmodium falciparum.2®3

70z 6 70z 5
T 9% ""*OH T 9% 1VOH

184 Plakinic acid | 185 Plakinic acid J
3 : 6 i 1 Y o
oo I, M 3 G
~ " H
O OH 0\0 T™SOH
186 Plakinic acid K 187 Plakinic acid L

Fig. 49. Structures for plakinic acids -] (184—187).

RC: NMR (NOESY)
AC: MMM

1 184 Plakinic acid |

AC: degradation, comparison
to authentic material by LCD

Fig. 50. Molinski’s strategy for the configurational assignment of the plakinic acids.
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The relative and and AC of the endoperoxide (1,2-dioxane) was
solved by conventional methods (NOESY measurements and the
MMM). Plakinic acid I (184) was methylated (CH,N, ether), and
subjected to hydrogenolysis to the ring opened diol (188), which
was transformed into both MTPA esters (189 ab). Conventional
analysis (NOE, Mosher’s ester analysis) led the 3S, 4S, 6R configu-
rations (Scheme 28).

1) CH,N,, ether
184 Plakinic acid | ———
20mg 2) Hy, Pd/C, EtOH

+0.04
00s 4003
g o 4002

OR O

7

: ~0.03

40,05 +0.06 OHm 02 004

(S)- or (R)- 188R=H 8mg
MTPA-CI 189a R = (R)-MTPA

189b R = (S)}-MTPA

Scheme 28. Configurational assignment at C3 of plakinic acid I.

The stereochemistry at C8 in the acyclic chain of plakinic acids I
(184) or J (185) was not readily assignable by standard NMR
methods that typically relay stereo-information only over a limited
number of bonds removed from a chiral center of known configu-
ration (C6). Plakinic acid I (184) was reduced with aqueous Fe(II)Cl;
under oxygen-free conditions to give three products, 190, 191,
and 192 (Scheme 29) by intermolecular radical fission. Primary
alkyl chloride (190), which arises from radical 'rebound’ to the
Fe(Il1)—Cl coordination sphere, was converted to the azide (193)
and the product reduced to the free amine (194), which was
derivatized with 6-methoxy—2—naphthoyl chloride to furnish
naphthamide 195.

The CD spectrum of 195 in MeOH showed no significant Cotton
effects due to conformational averaging, however CD spectra ac-
quired in ordered arrays (DSPC liposomes) revealed strong Cotton
effects of the opposite sigh and magnitude as synthetic (S)-195
(Fig. 51). Therefore the configuration at C8 in plakinic acid I was

9333

"M FeCly, @\H/\/\
Plakinic acid | CH3CN/H,0 7 Y Cl
rt, 45 min :
190 13%
%
0
191 22%
192 H
[c.f. (—)-Plakortolide B]
%
"™ NaNs, DMF EtsN, CH,Cl,
19 — o
100°C 7Y R
Hy, PIC, [ 193R=Ns o
HEXIEIOH | 494 Re NH,

II II OMe
R)-195

Scheme 29. Conversion of plakinic acid [ (184) to naphthamide 195.

assigned as R. The same approach was used for plakinic acid J (185)
also revealed the 8R configuration. Plakinic acids K (186) and L (187),
containing two remotely-spaced methyl branches, were assigned by
liposomal CD after a similar degradation protocol to dimethyl
naphthamide 196 and comparison to optically active synthetic
models (197—199).2%4 The liposomal CD spectrum of 196 was dom-
inated by Cotton effects of similar sign, but subtle differences in
magnitude and fine-structure were attributed to diastereomeric
differences of extended chromophores in the liposomal bilayer.

40 — ———
\ —-100 or L ——(2R65)-196 O ——(2R,6R)-199 T
30 —(2)-195 )
\ 105 a0l (25,6R)-197 0L =—=(2565)-198
20 T {I =
T \ g 20+ " T B
E s e
5 ° \| E it 5
il 3 ]
g o £ fu] =
5 4 e 3
10y 10 |
] ] :
20 J‘J 200 || : |
(Y
30 - 30+ yf 4 -30 1
(a) (b) (c)
200 250 300 a0 #0200 220 240 260 280 300 200 220 240 260 280 800

hinm

A/nm

QW@W@M

(2R, 65)-196

(fmm 134) (from 186)

(25, 6S)-198
(synthetic)

(5)-195
(synthetic)

(25, 6R)-197
(synthetic)

(2R, 6R)-199
(synthetic)

Fig. 51. CD spectra of napthamides derived from plakinic acids: .-CD of (d) (5)-195, (e) (£)-195, (f) (R)-195; (b) L.-CD of (2R, 6S)-196 from 186 (solid line), (2S,6R)-197 (dotted line); (c)
1-CD of (2R,6R)-199 (solid line), (25,65)-198 (dotted line). Reprinted with permission from Dalisay, D. S.; Quach, T.; Nicholas, G. M.; Molinski, T. F. Amplification of the Cotton Effect of
a Single Chromophore through Liposomal Ordering—Stereochemical Assignment of Plakinic Acids I and J. Angew. Chem., Int. Ed. 2009, 48, 4367-4371. Copyright © 2009, John Wiley
and Sons. Ref. 202 and Dalisay, D. S.; Quach, T.; Molinski, T. F. Org. Liposomal Circular Dichroism. Assignment of Remote Stereocenters in Plakinic Acids K and L from a Plakortis -
Xestospongia Sponge Association. Org. Lett. 2010, 12, 1524-1527. Copyright © 2010, American Chemical Society. Ref. 204.
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7.19. Biselyngbyaside

Biselyngbyaside (200), a glycosidic polyketide macrolide from
the marine cyanobacteria Lyngbya sp. from Okinawa was reported
by Suenaga and co-workers in 2009. Biselyngbyaside showed
a mean Glsg of 0.60 pM against 39 human cancer cell lines. The 2D
structure was established in a straightforward manner by MS and
2D NMR, and the RC of the 3-O-methyl glucoside was assigned by
NOESY and 'H—"H couplings, all protons showed axial orientation
(Fig. 52).

AC: degradation, comparison
to synthetic standards

AC: degradation, MMM SN
NN e
0 ; OM '
MeO— R s Y

i OH

AC: degradation, comparison 200 Biselyngbyaside
to authentic standards

Fig. 52. Suenaga’s strategy for configurational assignment of biselyngbyaside (200).

The remote stereocenters insulated by sp? carbons precluded
assignment by J-based methods. The configurations at C3 and C7
were addressed by chemical degradation, and the MMM. Bise-
lyngbyaside was subjected to hydrolysis under basic conditions to
give methyl ester 201, and was converted to both (S)- and (R)- MTPA
esters (202 ab, Scheme 30). The A¢ values were consistent with the
18R configuration.

4.5mg  MeOH,
200 Biselyngbyaside ——————»
NaOMe, rt

OMe OMe
201 R=H30mg

(R)- or (S)-MTPA-CI [
202a R = (S)-MTPA
202b R = (R)-MTPA

Scheme 30. Hydrolysis of biselyngbyaside, and configurational assignment of C16 by
the MMM.

Since the methanolysis induced elimination of the C3 oxygen, an
approach was chosen to reduce this problem. Hydrogenolysis un-
der acidic conditions provided methyl ester 203 and an anomeric
mixture of O-methylglucosides 204 (Scheme 31). The MMM was
applied to 205ab derived from 203 to give the R configuration for
C3. The AC of the glucoside 204 was assigned by the CD spectra

200 Biselyngbyaside Me
51mg
1) Hp, Pd/IC
EtOH

OR Me 3 H
2) HCI, MeOH, 007 9% |
reflux MeO. - 050 0 006 204 0.5mg
s Me p-BrCgH,COCI,
O OR OMe DMAP, pyr, rt
203R=H09mg RO\ RO\«
(R)- or (S)-MTPA-CI |: RO o 4 Ro&&OMe
205a R = (S)-MTPA  MeO— RO MeO—
205b R = (R)-MTPA 'OMe RO
206 0.1 mg 2070.3mg

R= p-BrCgHsCO R =p-BrCgHsCO

Scheme 31. Hydrogenolysis of biselyngbyside.

after conversion to both tri-p-bromo-benzoate derivatives 206 and
207, which were separated by HPLC. The tribromobenzoate de-
rivative 207 showed identical CD spectra Amax 238 nm (Ac+7.2),
254 nm (Ae—17.2) to the tribromobenzoate derived from 1-O-
methyl-p-glucose.

The final two stereocenters in biselyngbyaside (200) were
identified by a three-step degradation, followed by NMR and
chromatographic comparison to optically pure standards
(Scheme 32). Ozonolysis of 200 followed by reduction gave the
corresponding diol, which was immediately derivatized with p-
bromophenylisocyanate gave 208 in good yield. Optically enriched
standards 208 and 209 were prepared for comparison of NMR data
to differentiate diastereomers. Synthetic and naturally-derived 208
were identical by NMR. To identify the AC of natural 208, its cor-
responding enantiomer was synthesized for comparison by HPLC
analysis. Chiral HPLC (Chiralpak IA) showed natural and synthetic
208 to have identical retention times (tg=6.5 min) when compared
to ent-208 (8.1 min), which corroborated the 7S and 10S configu-
ration for biselyngbyaside (200).

1) Ac,0, pyr
34mg 2) O4/MeOH, DMS, NaBH,
200 Bi i 208 1.7mg
3) p-BrCgH,NCO, pyr, 1t

Scheme 32. Oxidative degradation of biselyngbyside (200), and synthetic models
(208—-209).

7.20. Muironolide

Muironolide A (210) is the third class of macrolides along
with phorboxazoles and phorbasides co-occurring in the
marine sponge Phorbas sp. from Western Australia.?%®> Three
structural features set muironolide A (210) apart from other marine
macrolides: a hexahydro-1H-isoindolinone-triketide ring, a trans-
2-chlorocyclopropyl ketide (CCK), and trichloromethylcarbinol es-
ter. The entire structure determination and preliminary biological
testing was carried out on the total available sample —90 ug of
isolated compound (Fig. 53).

RC: NMR (NOESY)
AC: CD (exciton
chirality method)

X
AC: degradation, comparison EC| 2 IRT) T !
to synthetic standards [~ |, o)
‘ Ho

210 Muironolide A

Fig. 53. Molinski's stategy for configurational assignment of muironolide A (210).

The planar structure was established by MS and NMR data. The
trichlorocarbinol ester was confirmed by comparison of 'H and 3C
spectra to model compound 211.2%> The RC of the isoindolone ring
and macrocycle were addressed by coupling constant and NOESY
data (Fig. 54).

Attempted assignment of the RC by NOESY or J-based
methods were unsuccessful in relaying the stereochemistry of the
CCK element to the other macrolide ring stereocenters.
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H: 555.dd, 108,24
G. 803 ppm H: 5.57,dd, 103, 1.5

HN 13C: 80.3 ppm
2 Ph >
8 5',
0~ "CCly 07~ "cCly
Cl 2 19
23 0] CsHy” ~O NOESY correlations
H 211 for muironolide A~ ©!

210 Muironolide A

Fig. 54. Muironolide A and NOESY correlations.

Consequently, a microscale degradative approach was used for
210, and correlation of the products with standards of known
configuration—both enantiomers of diastereomeric 212 and 213
(Scheme 33). Muironolide A (112, 30 pug) was subjected to alkaline
hydrolysis followed derivatization to the naphthacyl ester 212 that
was shown to be identical retention time (Chiralpak AD) to au-
thentic standard.

210 Mulronollde A Wﬁ/ﬁ W(O\H/i?
1) LiOH, THF/HZO H 212 H 213
2) OH OR OH OR |
BI’ VM v)\/&
ent-212 ent213 3
3)HPLC :

(Chiralpak AD- RH)

212 o 5

Scheme 33. Degradation of Muironolide A (210) and configurational assignment of the
CCK unit.

The CD spectra for 210 [Apax 186 (Ae+58.5), 225 (—37.2)]
revealed a negative exciton split Cotton effect due to coupled ©— 7*
transitions of two unsaturated carbonyl chromophores: the enam-
ide C7—C9 and the enoate C1—C3. This was interpreted as arising
from the negative torsional angle of —116° (obtained from NOESY
correlations and molecular modeling) for the w— * transition di-
pole and the 4R, 5R, 115, 14R, and 17R configuration of muironolide.

7.21. Enigmazole

Enigmazoles A (214) and B (215) were isolated from extracts of
the marine sponge Cinachyrella enigmata from Papua New Guinea,
that showed differential activity against a c-Kit mutant of murine
mast cells (Fig. 55).2°6 They were identified using standard bioassay
guided fractionation of the cytotoxic n-butanol extract. Several
stereochemical assignment problems of these structurally unique
macrolides were successfully solved through an elegant combina-
tion of microscale chemical conversions and capillary NMR mea-
surements (Fig. 56).

214 Enigmazole A

215 Enigmazole B

OMe

Fig. 55. Structure of enigmazoles A (214) and B (215).

’ RC: conversion to -lactone | | MeQ, :
AC* MMM R\,

AC: CD (degradation, comparison
to synthetic standards)

B e LT

RC: NMR (NOESY)
AC: NMR, molecular modeling

Fig. 56. Gustafson’s strategy for the configurational assignment of enigmazoles A (214).

The planar structure for enigmazole A (214) was assigned by 2D
NMR. Unique features included a phosphate ester and a 2,4-
disubstituted oxazole side chain. Enigmazole A (214) was divided
into four sections for stereochemical analysis: (a) C1—-C5, (b) THP:
C7—C11, (c) C15—C17, and (d) C23. Each subunit was adderessed
independently, and then relayed together. A trans-disustituted
tetrahydropyran (THP) ring was assigned from syn-diaxial protons
with mutual NOESY crosspeaks and coupling constant data. The AC
of 155 was determined by the MMM after methylation of the
phosphate group (TMS-CH;,N>) and conversion to both (R)- or (S)-
MTPA esters 216ab (Scheme 34).

0.5
™ 1) TMS-CH,N,
214

_—
2)S-orR-  MeO
MTPA-CI
N 21
N=
“ 0.09

216aR
216b R

(R)-MTPA 0.2mg
(S)-MTPA 0.2 mg

Scheme 34. Configurational assignment at C15 of enigmazole A (214).

Compound 214 was converted to 217 by phosphoramidation
(CH3NH,, HOBt), base hydrolysis (KOH/MeOH), and methylation
(Scheme 35). The RC of the syn-1,3-diol (C15/C17) was established
by the 3C acetonide method on 218.%!

Phenylglycine methyl ester (PGME) was chosen as a suitable
CDA for the assignment of C2 (Scheme 35). Compound 217 was
subjected to methanolysis and coupled to each of (R)- and (S)-2-
phenylglycine methyl ester (PGME, HOBt) to give 219ab.?%’ Anal-
ysis of the TH NMR anisotropic shifts revealed the 25 configuration.

1) MeNH,-THF, PyBOP,
3mg  HOBt, DMF
it
214 Enigmazole A 5,1\ KOH/MeOH (1:2),
3) TMSCH,N,, n-hexane,
eOH

57 ppTs, DMP KoHiMeoH
»HL/\l/\l/ 3 7 e
0,0 218 CHCl, %579 7™ 2)(R).or (S)-

% 05mg PGME, PyBOP,
HOBt, ET3N, DMF
RO\?Oonos

219a R=(S)-PGME 0.3mg
219b R=(R)-PGME 0.3mg

Scheme 35. Ring opening to methyl ester 217, conversion to acetonide 218, and con-
version to (R)- and (S)-PGME esters 219ab.
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The phosphate group was resistant to enzymatic hydrolysis,2%
but succumbed to mild basic conditions (wet DMSO, potassium ac-
etate) to give lactone 220 (Scheme 36).2° The C4S,C5S configurations
established by NOESY correlations.?!® Only the 7R,11R diastereomer

was consistent with J coupling, NOESY data, and molecular modeling.

0.5mg
214 Enigmazole A

1) RuCl;-Nalo,

2) 2,4-DNP-NHNH,
¥
\)‘L 1) Ag,0, Mel  ON i

2) 2,4-DNP-NHNH,

H )\I/
(R)-acetoin 221

0.1mg OMe

DMSO, 0.2 M KOAc 0-5mg

pH 4.1, reflux, 20h
NOESY #—
.J/o\’\

O, 0,

Scheme 36. Formation of d-lactone 220, and conversion of side chain to dini-

trophenylhydrazone derivative 221.

The final stereocenter in enigmazole A was assigned by chemical
conversion and comparison with optically pure (R)-acetoin
(Scheme 36). Perruthenate cleavage of 214 (RuCl3—NalO4) gave
3-methoxy-2-butanone, which was converted to the 2,4-
dinitrophenylhydrazone (221),°!! and compared to that of an au-
thentic sample obtained from (R)-acetoin.?!> The Cotton effects in
the CD spectra of naturally-derived and synthetic 221 were iden-
tical, therefore enigmazole A (214) has the 23R configuration, and
the complete stereostructure is as depicted 214.

The structure elucidation of enigmazole A represents a tour de
force; in total, 13 chemical manipulations were successfully executed
on ~4.5 mg of enigmazole A or derivatives. The stereochemical as-
signment relied solely on chemical conversions, in contrast to JBCA
analysis typically used for polyketide type compounds. The assigned
stereostructure of 214 was identical to that of enigmazole A prepared
by Skepper and Molinski through total synthesis.?!3

7.22. Xestoproxamines A—C

In 2011, Molinski and co-workers disclosed the structures of
three bispiperidine alkaloids xestoproxamines A—C (222—224)
from the marine sponge Neopetrosia proxima.>'* The structures of
222-224 are related to halicyclamine A (225)%" and hal-
iclonacyclamines A (226) and B (227)?'6 (Fig. 57).

The 2D structures were established from MS and NMR data.
NOESY and coupling constant data for the bispiperidine ring sys-
tems in 222 and 224 revealed the relative configuration of the four
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stereocenters. No known methods were reported for the AC as-
signment of polycyclic diamine alkaloids except for MMM when
a secondary hydroxyl is present or X-ray crystallography. Double
quaternization of xestoproxamine C (224) with two p-bromophe-
nacyl groups and application of the exciton chirality method, and
a Hoffman degradation/cross-metathesis protocol to detemine the
stereochemistry of the remote branched methyl at C23 (Fig. 58).
Hydrogenation of xestoproxamine C (224) and conversion of the
product 228 to the bis-methiodide salt 229 (Scheme 37), followed by
ion-exchange to the ammonium hydroxid double salt followed by to
microwave-promoted Hofmann elimination, afforded one major
alkene product, 230. Alkene 230 was subjected to cross metathesis
with excess 2-methoxy-6-vinylnaphthalene?!” (231) in the presence
of Grubbs’ second generation catalyst (134),>'® and selectively en-
gaged only the less hindered vinyl group derived from ring B to give

222 A7 Xestoproxarmine A
223 Xestoproxamine B

(N/ﬁ\ @

25
225 Halicyclamine A 226 Z-A%(-)-Haliclonacyclamine A
227 Z-A%(+)-Haliclonacyclamine B

Fig. 57. Structures of xestoproxamines A-C (222—224), halicyclamine A (225), and
haliclonacyclamines A (226) and B (227).

RC: NOESY, J-coupling
AC: double quaternization,
exciton chirality method

224 Xestoproxamine C T

AC: Hoffman degradation,
cross-metathesis, CD.

Fig. 58. Molinski's strategy for the configurational assignment of xestoproxamine C (224).

a 4
(a) =iy / N /\ /_/_\ "y 1) Amberite
5 H/J 1) Hy, PAIC, 1)HPLC H IRA-400
N \ MeOH/ACOH H\ \_ CHLCN/FPrOH/EINH N H & MeOH
1) [ — ), c) [ ——
H 2)HPLC H \—N-H Me X H “—N-Me  2)uwave, 140°C
_ ot . & 2) Mel, CH,Cly \ % Pl
2CF,C00° | 2GF4CO0 o ol ‘L
21 N ot
Me Me Me
224 Xestoproxamine C 0.8 mg 228 229

231 N (c) s—
/\Q\,,L — — R Mo —232
<LH ‘/‘Hg<_\\ Is <
1) Grubbs 1l (134, N H ® i A 4
\\H N ) ( ) M N H O\ Nome <\/>4 _

== CH,Cl, 80°C. 11h ) H = E
2CF,C00° ol 2CF,C00% / o3
L/ e 2V HPLC 4O 2 _g
230 ~140 g 232 casug Me 3,
OMe =
gl 1

Y
/ 0

>:/

-
200 220 240 260 280 300
hinm

Scheme 37. (a) Hoffman degradation/cross-metathesis of xestoproxamine C. (b) Hoffman degradation/cross-metathesis product from xestoproxamine A and optically enriched model
compound 234. (c) CD spectra of 232,233, and 234 in MeOH at 23 °C(Adapted with permission from Morinaka, B..; Molinski, T. F. Xestoproxamines A-C from Neopetrosia proxima. Assignment
of Absolute Stereostructure of Bis-piperidine Alkaloids by Integrated Degradation-CD Analysis J. Nat. Prod. 2011, 74, 430—440. Copyright © 2011, American Chemical Society. Ref. 214).
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the conjugated naphthalene 232. While the CD spectrum of 233
derived from xestoproxamine A showed only baseline, the Cotton
effects observed in 232 were identical to those of optically active
synthetic 234.

The absolute configuration of the bispiperidine ring system was
addressed by double quaternization with p-bromophenacyl bro-
mide to provide bis-chromophoric derivative 235 (Scheme 38).
Conformational analysis by NMR allowed assignment of the nega-
tive exciton couplet (A 273 nm, A¢—5.8; 253 (As+2.4)) between the
chromophores when N—CH;—(C=0)—C bond is in the preferred S-
trans conformation. Similar transformations of (+)-haliclonacycl-
amine B and the enantiomorphic (—)-perhydrohaliclonacyclamine
gave 236 and 237 that showed equal and opposite split Cotton
effects—the former identical with 235—consistent with their ACs.

8. Current challenges to configurational assignment

The above examples demonstrate the execution of complete
solutions to stereocomplex marine natural products using modern
NMR/CD instrumentation, often augmented by synthesis, requiring
only a few milligrams or even micrograms of a natural product.
Nevertheless, outstanding problems remain; the structures of
several reported complex marine natural products are only par-
tially solved or require re-evaluation.

Nigricanosides A (222) and B (Fig. 59), unusual ether-linked
glycoglycerolipids from the green alga Avrainvillea nigrans col-
lected in Dominica, were purified by the Andersen group.”'® After
extraction of over 20 kg of alga. The sub-milligram amounts of
nigricanosides (A, 800 pg; B, 400 ug) available for structure eluci-
dation were sufficient only for determination of the 2D structure
and initial biological evaluation. Nigricanosides A and B methyl
esters showed potent activity against MCF-7 and HCT-116 cells
(~3 nM), and the free carboxylic acids acids were speculated to
possess greater activity. The potent activity and unique structure
prioritizes the nigricanosides as a key leads however, limited
amounts of material precludes further stereocemical in-
vestigations, and completion of the nigricanoside stereostrutures
awaits procurement of additional sample, or synthesis of appro-
priate diastereomeric models for spectroscopic comparisons. Nig-
ricanosides stand as prime targets for total synthesis.

Caylobolide (224),%2° a macrolide from the cyanobacterium
Lyngbya majuscula, contains a series of 1,5-diols that are not readily
assignable by standard methods. The Molinski group has developed
a method of assignment of 1,n-diols (n=5, 7, 9) using liposomal CD
and TPP esters for,>! however, the application to polyols requires

1) Hy, Pd/C,
MeOH/AcOH
_
2) HPLC
(CH3CN/i-PrOH/Et,NH)
3) p-BrPhBr, tol., wave,
Me  300W, 80°C

224 Xestoproxamine C 0.4 mg

236 derived from
(+)-Haliclonacyclamine B

237 derived from
(-)-perhydrohaliclonacyclamine
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better understanding of the fundamental photophysics of long-
range exciton coupled CD of TPP and other chromophores with-
inin ordered liposomal bilayers.

Symbiodinolide (225)>%*> a 62-membered polyol macrolide
from the dinoflagellate Symbiodimnium sp. is a representative of the
family of so-called 'super carbon chain’ compounds that include
palytoxin and maitotoxin.??> At nanomolar concentrations, sym-
biodinolide has been shown to induce significant increase in [Ca®*]
in human neuroblastoma cells. The complete configurational as-
signment of symbiodinolide is ongoing, and the subject of intense
stereochemical efforts by the Uemura group.??*

The oxazole-containing polyketide macrolide theonezolide A
was isolated by Kobayashi in 1993 from the marine sponge Theo-
nella swinhoei.>?> Although ozonolysis of 223 successfully yielded
a number of degradation products, containing multiple isolated
stereogenic centers. These degradation products have not yet
yielded to stereochemical analysis; the problem is outstanding and
the subject of ongoing investigations.

Marine sponges have been a significant source of polycyclic
amine alkaloids. The RCs of these compounds are often easily
addressed by NMR (NOESY experiments), however the AC of these
molecules remain a challenge. The configuration of the secondary
hydroxyl in polycyclic amine alkaloid upenamide (226),%2° reported
by Scheuer, is readily assigned by MMM, but the RC between the
two rings is a significant challenge. Madangamine (227) is another
polycyclic alkaloid that does not contain functional groups for
chemical conversion, and awaits complete configurational assign-
ment. Finally, relatively simple rigid macrolides still pose difficul-
ties for structural assignment. For example, the structure of
iriomoteolide-1a (228),%% a macrolide obtained from cultured
Amphidium sp. and related molecules, was assigned based on in-
tegrated NMR techniques, particularly J-based analysis and NOE.
The first synthesis??® of the proposed structure 228 gave a product
with the NMR spectral properties different from those reported for
the natural product. A subsequent synthesis of the same structure
by Horne and co-workers led to the same result, "calling into
question the original structural assignment".>?° Spectroscopic data of
several other synthetic diastereomers of 228 also failed to match
those of natural iriomoteolide-1a; consequently, at this time, the
true structure of iriomoteolide-1a is in need of reappraisal.

Finally, it should be mentioned that structure elucidation
utilizing NMR integrated with other methods is not infallible, and
its success is predicated on three fundamentals: sufficient high
quality data (for example, the presence of ample non-degenerate
cross peaks in 2D NMR), correct interepretation of bond-

s-trans

235 140 ug

3 -1
dm’cm

]

Ae/mol

. . . .
225 250 275 300
A/nm

Scheme 38. (a) Double quaternization of xestoproxamine C and conformational analysis. (b) Bis-p-bromophenacyl derivatives of haliclonacyclamines of known configuration. (c)
CD spectra of 235, 236, and 237 (MeOH, 23 °C). Adapted with permission from Morinaka, B. I.; Molinski, T. F. Xestoproxamines A—C from Neopetrosia proxima. Assignment of
Absolute Stereostructure of Bis-piperidine Alkaloids by Integrated Degradation-CD Analysis J. Nat. Prod. 2011, 74, 430—440. Copyright © 2011, American Chemical Society. Ref. 214.
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222 Nicricanoside A

OH OH

OH Me O

226 Upenamide A
(27, 30, 32)*

223 Theonezolide A

OH
: .0 .0

OH

225 Symbiodinolide

228 Iriomoteolide-1a (proposed)

Fig. 59. Current challenging molecules for configurational assignment.

connectivity and, in cases with one or more stereocenters, self-
consistent stereochemical assignments that avoid rendundant or
equivocal conclusions. Recognition of the latter is particularly
important when dealing with complex molecules with two or
more ‘islands of stereocenters’ located at distal parts of the same
molecule, yet cannot be cross correlated. Bistramides A (71) and
C (72, Fig. 18) and oceanapiside (57a, Fig. 14) are representative of
molecules where their structural solutions lay not in NMR, but
deconvolution of chiroptical properties according to van't Hoff’s
principle of optical superposition. Failure to recognize these sit-
uations has lead, in the past, to incorrect assignments from ar-
bitrary stereochemical cross-correlation. Lack of sufficient 2D
NMR cross peaks due to a paucity of 'H NMR signals may render
TH—13C 2D NMR insufficient and lead to the regrettable situation
where only equivocal structures are derivable. The so-called
Crews Rule predicts this will occur more often where the formula
is ‘meager in H-atoms’'3*230 with an elemental ratio of H/C < 2

as illustrated by the marine sponge-derived alkaloids spi-
roleucettadine (229)'3%23% and petrosamine (230)'° (Fig. 60).
Neither could be assigned uniquely by NMR and MS, alone (in-
deed, the former was initially mis-assigned),>3? but fortunately,

Fig. 60. Structures of spiroleucettadine (229) and petrosamine (230); ‘meager H-atom’
structures that defy elucidation by NMR and MS, alone.
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suitable crystals were obtained finally and the structures were
revealed by X-ray crystallography.

9. Conclusions

Natural products (NPs) are a significant and important source
for new small molecule drug leads. Stereocomplexity often distin-
guishes the structures of natural products from synthetic medicinal
drugs, however, many complex natural products are listed in the US
and other pharmacopeia, and new structures are likely to find to
their way into the pages of these compendia. The deficit in new
drugs for treatments for many disease conditions, particularly
neurodegenerative disease such as, Alzheimers, diabetes, and
complications that arise from metabolic syndrome, and anti-
infectives against resistant pathogens (e.g., MRSA) make it likely
that natural products will continue to provide leads to supply
pipelines of drug discovery. The foregoing examples illustrate the
power of integrated structure analysis by spectroscopic techniques
and chemical methods augmented by rational asymmetric syn-
thesis. Reliable solutions to their structures are likely to be refined
as current needs remain and new rare chemical entities are
discovered.
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